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This thesis is a technical document on a novel piece of experimental machinery, developed 
by the Rock Deformation Laboratory, the School of Environmental Science, University of 
Liverpool. 
This machine is a Confined High Velocity Rotary Shear Apparatus, with fast-acting servo-
hydraulic confining pressure control, upstream and downstream servo-controlled pore 
pressure, and is capable of a range of displacement rates.  This apparatus will be able to 
produce rock friction measurements under conditions commensurate with those found in 
natural earthquake ruptures.  
A confined rotating sample is an important feature of this apparatus. The design 
considerations are discussed within this thesis for key components such as the sample 
assembly and pressure vessel.  
Fast acting control of sample rotation, confining pressure, sample loading and pore pressure 
will allow this apparatus to carry out a large range of tests, from low to high velocity friction 
experiments, unconfined tests and standard triaxial tests.  
As well as covering the design of major components and experimental control it will discuss 
the initial stages of commissioning. Safety, user experience and future development plans 
are fundamental to the success and longevity of this apparatus.  
This thesis will serve as a document for laboratory users and visitors looking to use this 
apparatus and gain a further understanding of how it works, in addition to the design 
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This introduction will outline the rationale (Section 1.1) behind the building of this apparatus. 
It will cover a brief history of rock deformation in the laboratory setting (Section 1.2 and 1.3), 
as well as discussing the need for further improvements on existing experimental designs 
(Section 1.4).  
 Rationale  
 
A confined rotary shear apparatus has been developed to perform high-pressure friction 
experiments on geological materials, with the aim of simulating conditions that occur on 
tectonic faults in nature during an earthquake (Figure 1.1.1). The rotary shear apparatus, with 
its annular sample geometry, allows for samples to be sheared at slip rates (up to 2 ms-1) and 
to displacements commensurate to those experienced during earthquake slip (>20 m). The 
confinement of the sample within a pressure vessel allows for normal stresses and pore-fluid 
pressures to be applied and controlled up to 200 MPa, equivalent to depths of 5-10 km within 
the Earth’s crust.  
 
Figure 1.1.1 – Normal fault regime. Schematic found in Fossen’s Structural Geology 2nd edition. Additional 




Conventional friction experimental setups, such as direct shear or saw-cut geometries, are 
typically limited by the speeds and/or displacements that can be achieved during an 
experiment, making it difficult to replicate the frictional processes that occur on a fault during 
an earthquake. In contrast, rotary shear apparatuses can achieve these velocities and 
displacements, however many existing rotary shear equipment are limited by a lack of 
confinement and/or control of pore-fluid pressure within the sample, making it difficult to 
replicate the in situ conditions that occur on a fault during an earthquake. The novel 
apparatus outlined in this thesis can apply and control both confining and pore-fluid 
pressure, while achieving the slip velocities and displacements that occur on natural faults. 
This capability puts it at the forefront of the field, making it one of the most advanced 
apparatus in the world, allowing the effects of high-speed friction and the associated 
dynamic fault weakening mechanisms that occur in geological materials during earthquake 
slip, to be investigated in detail. 
The focus of this thesis is to document the design, manufacture and commissioning of this 
apparatus. 
1.1.1 Thesis Outline 
Chapter 1, the introduction, will outline the history of apparatus development in 
experimental rock friction studies and highlight some key rotary shear apparatus that are 
currently in operation while considering their advantages and limitations.  
Chapter 2 will cover the design of the new rotary shear apparatus. There will be supporting 
documents including a complete set of technical drawings contained within the Appendices.  
Chapter 3 will cover safety, commission, tuning and calibration of the control components. It 
will also discuss some of the first data sets produced by the apparatus.  







 Deforming Rocks in the Laboratory 
 
The following section is not intended to be a comprehensive history of pressurised systems 
and rock deformation in the laboratory setting. Rather, it aims to provide a brief overview of 
the key advances that contributed towards modern day rock deformation experiments.  
The technology of pressure vessels used in contemporary high-pressure rock deformation 
experiments can trace its roots back to early water supply equipment in Greco-Roman times. 
However, it was in France in 1680 where Denis Papin constructed his autoclave with safety 
valve, that the field of high-pressure technology started to take shape (Spain & Paauwe, 
1977). Papin worked for a time in England where he encountered Robert Boyle, who 
developed Boyle’s law - a law that shows the relationship between gas at pressure and its 
volume, which is of paramount importance for understanding how to efficiently pressurize 
gas systems. Just under a century later, John Canton showed that, as well as gas, liquids could 
also be pressurized, when he challenged the widely accepted view that water was 
incompressible with his (1762-1764) work on the compressibility of water (Spain & Paauwe, 
1977). Later, in 1826, Jacob Perkins reached a pressure of 1,000 atmospheres (~100 MPa) 
with his water cannon, a very high pressure at that time (Perkins, 1820, 1826). Continuing 
into the 19th century, there were a large number of studies and experiments on the 
thermodynamic properties of gases and liquids (Cailletet, 1885; Dewar, 1900) which greatly 
contributed to design considerations for high-pressure experimental equipment. 
Deforming rocks in an experimental pressure vessel is a relatively new practice, beginning in 
earnest in the early 20th Century with the works of Bridgman and Adams followed on by 
Griggs, Tullis, Paterson and many more. In 1906 Percy Williams Bridgman began his career at 
Harvard University investigating the properties of matter under high pressure. One of his 
greatest accomplishment was the development of the unsupported area seal, the Bridgman 
Seal (Bridgman, 1933), which allowed ‘leak-tight’ sealing to the limits of the material of 
construction. The Bridgman seal proved to be a massive step forward in the ever-increasing 
pressures attained in high pressure experiments (Spain & Paauwe, 1977), eventually 
exceeding 100,000 bars (10 GPa). Bridgman also worked on an opposed anvil press which has 
since been utilised in development of multi anvil and diamond anvil presses. The Bridgman 
anvil took things into the ultra-high-pressure range, in the region of 400,000 bars (40 GPa). 
Around the same time that Bridgman was ratcheting up the pressure, Frank D. Adams was 
furthering much of the geological discoveries that had been achieved in the 19th century [e.g. 
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Reusch, 1867, Kick, 1892] by performing uniaxial compression tests on rocks and minerals in 
the laboratory. Adams worked towards restricting the barrelling effect on rock cores while 
they were being squashed in a loading press, and achieved this by inserting his cylindrical 
samples of Carrara marble into a tightly fitted iron sleeve or ‘jacket’ (Tullis & Tullis, 1986). 
The introduction of a jacket around the sample allowed Adams to vary the experimental 
conditions. He introduced temperatures up to 400 °C, saturated the sample with fluid, and 
confined the sample with jackets made from stronger and weak materials, while also altering 
the thickness of the jackets (Adams & Nicolson, 1900).  
In 1910 Hungarian Theodore von Kármán designed a pioneering Triaxial press (Figure 1.2.1), 
where the axial loading piston is surrounded by a pressure vessel allowing a greater range of 
stress conditions to be explored. Like Adams before him, von Kármán carried out a variety of 
experiments on different samples under varying experimental conditions (von Kármán, 
1910). This experimental setup still forms the basis of many of the modern rock deformation 
experiments performed today. 
David T. Griggs followed on from the experimental works of Adams, Bridgman and von 
Kármán to develop his own experimental apparatus, commonly referred to as the Griggs 
apparatus. This new apparatus (Figure 1.2.2) allowed for triaxial experiments to be 
performed at much higher pressures of up to 1.2 GPa  (Griggs, 1936), by using a compensating 
piston (P2 in Figure 1.2.2) that kept pressure constant even as the sample was shortened. The 
use of a solid confining medium, typically salt, also allowed pressure to be increased to high 
levels in a safe manner. During an experiment the bomb (B) would be raised up, consequently 
a piston (P1) would enter the sample area while an opposing piston (P2) would withdraw at 
the same rate, thus keeping the volume (k) inside the vessel constant. He would later add an 
external furnace around the pressure vessel so that temperatures up to 400 °C could be 
applied (Griggs & Miller, 1951). The Griggs Rig became a workhorse of many fledgling rock 




Figure 1.2.1 - von Kármán Triaxial press (original diagram Kármán (1910); schematic above from Deák et al., 
(2012); Labels added by the author.  
In contrast to the solid medium apparatus developed by Griggs, the Tectonophysics group at 
Texas A&M University developed oil and gas confined apparatus in the 1960s (Handin, 1970; 
Handin et al., 1967; Logan & Handin, 1970). Hugh Heard’s apparatus employed a ball bearing 
screw driven loading piston, this along with an internal force column allowed Heard to 
measure constant strain rate in a simple and reliable way (Heard, 1963). These machines 




Figure 1.2.2 - Schematic of Diagram of High-Pressure apparatus used by (Griggs, 1936) P1 – Upper Piston. S – 
Sample. P2 – Lower Piston (compensating piston). Y – Frame. B – Bomb (containment vessel). K – Kerosene.    
Mervyn Paterson incorporated the Griggs style compensating piston in some of his earlier 
apparatus designs (Paterson & Wong, 2005). Paterson refined a lot of early experimental 
procedures in a range of rock deformation applications throughout his distinguished career. 
Paterson’s use of a pressure vessel and commercially available pressure generators are 
where modern-day experimental setups get their inspiration. He also placed emphasis on 
protecting the laboratory user by installing shielding around his apparatus, which is 
particularly important when gas is used as a confining medium, as pressurized gas contains a 
great amount of stored energy due to its high compressibility.  
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Like Paterson, many researchers and experimentalists were motivated to further the 
developments of previous generations. Since the 1970s, as more and more experimental 
investigations were being carried out, new questions within the field of rock deformation 
arose, requiring the development of new apparatus and experimental techniques. While 
historically there had been a push towards achieving the highest pressures, the emphasis in 
recent decades has turned towards the high-precision control of key experimental 
parameters, such as confining pressure, pore-fluid pressure and temperature. Computing 
technology has also advanced significantly in the modern era, meaning that servo-control 
systems have become much more sophisticated with data being recorded at much higher 
resolution and sampling frequencies. In parallel to developments in experimental 
apparatuses, advancements in the field of high-powered microscopy have allowed for 
detailed comparisons to be made between the microstructures of naturally deformed rocks 
and those deformed in a laboratory, elucidating the underlying deformation mechanisms in 
operation during a rock deformation experiment.  
Since the 1950’s a range of different testing methodologies have been developed in the field 
of high-pressure experimental rock deformation. These include uniaxial compression, triaxial 
testing with a confining pressure using both fluid and solid mediums, double direct shear for 
friction studies, “true” triaxial testing with the independent loading of three pairs of opposite 
pistons, fracture testing and rotational friction sliding, with the latter method being the focus 
of this thesis. The nature of rotational frictional sliding experiments, along with other 
methodologies used to test the frictional properties of geological materials, will be outlined 










 Testing Frictional Properties in the Laboratory 
 
One of the largest branches of the experimental rock deformation is the testing of the 
frictional properties of geological materials, which has important implications for the fields 
of fault mechanics and earthquake physics. In frictional testing, different materials are 
essentially sheared and slid past each other as high normal stresses are applied to the sliding 
interface. Physical limitations in apparatus and sample assembly designs have meant that 
testing frictional properties of rock samples has been difficult due to the finite travel length 
that can be achieved during sliding, typically when the loading pistons or sample holders 
meet. Conventional experimental geometries used for frictional testing are shown in Figure 
1.3.1, with five common types of shearing geometry (Paterson and Wong 2005). Triaxial, 
Biaxial and Uniaxial apparatuses can be used to perform friction experiments in the 
geometries shown in Figure 1.3.1. However, each of these geometries are only capable of 
limited displacements, apart from rotary shear where essentially unlimited displacements 
can be achieved (Figure 1.3.1e).  
 
Figure 1.3.1 - Common types of friction tests. a Sliding on saw cut; b sliding on previously induced shear fracture; 
c conventional shear test; d double shear test; e rotary shear test (Paterson & Wong, 2005) 
A different approach to this conundrum in friction studies was taken by John Spray when he 
used a FW7 friction welding machine, with a similar configuration as a lathe, based in the 
Welding Institute, Cambridgeshire (Figure 1.3.2). Spray used this machine to artificially 
generate pseudotachylytes (Spray, 1987), a glass-like by-product of rapid frictional-melting 
and quenching of rock, by rotating two metadolerite core samples against each other at high 
speeds (Spray, 1987).   
Spray opened the door to rotary high slip velocity experiments (geometry e from Figure 1.3.1) 
but he was limited by the equipment he was using. The FW7 was made to frictionally weld 
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metals together, not to test rock samples. Many other parameters needed to be measured 
to push forward rock-friction investigations. 
 
Figure 1.3.2 - Core samples used in FW7 friction welding machine, samples offset by d. (Spray, 1987) 
Spray was not the only person thinking about rotational sliding at this time; Terry E. Tullis 
and John D. Weeks were also investigating frictional sliding on faults. This work was a 
continuation from experimental and theoretical work carried out by Brace & Byerlee, (1966), 
Byerlee & Brace, (1968) Dieterich (1972, 1979) and Ruina (1980, 1983). Tullis, based in Brown 
University (USA), developed a low-velocity rotary shear apparatus that was housed within a 
gas pressurised vessel. The geometry of Tullis’s sample can be seen in Figure 1.3.3. The 
apparatus is similar to Spray’s in that two independent rock samples are pressed together 
with a normal stress as one part is rotated, however they vary by it having a ringed sample 
geometry which must also be jacketed and confined. Unlike the Spray apparatus, it allowed 
high-resolution measurement and control of the displacement, the torque (shear stress) and 
the normal stress during an experiment, as well as the pore pressure and confining pressure. 
It allowed, for the first time, detailed investigations of large-displacement frictional 




Figure 1.3.3 - Caption quoted directly from Tullis & Weeks (1986a) ‘Our current jacket assembly. For clarity, the 
top sample grip is not shown. The sample rings are jacketed on inside and outside diameters with a sliding seal 
arrangement. The four rings adjacent to the rock are Teflon. The two T-shaped pieces are of steel, and a sliding 
seal with the O-rings is made against the polished stem of each 'T' and/or against the polished sample grips. 
These steel pieces 'float' between the sample grips; the crossbar of the 'T', provided to help capture the O-rings, 
is short enough not to rub against the sample grips’. 
In 1990 Toshihiko Shimamoto and Akito Tsutsumi built the first of many successful rotary 
shear high velocity friction apparatuses. They produced seismic slip rates of up to 1.3 ms-1, 
while measuring shear stress (Ma et al., 2014). Shimamoto would go on to make a total of 10 
apparatus, working in collaboration with other groups and universities such as the: IGCEA 
Institute of Geology, University of Padova, NCU-Taiwan, Durham University, and University 
of Liverpool.  
Another notable rotary shear apparatus was built by Antonino Tripoli in collaboration with 
Giulio Di Toro, Stefan Nielson, Piergiorgio Scarlato and Giovanni Romeo. Installed at INGV in 
2009 the Slow to HIgh Velocity Apparatus (SHIVA) can achieve a wide range of slip rates up 
to 9 ms-1, while applying a normal stress of up to 50 MPa on the sample during rotation (Giulio 
Di Toro et al., 2010). 
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In 2008 Ze’ev Reches built a high velocity apparatus at the University of Oklahoma. The 
Rotary Gouge Apparatus (ROGA) has a 100 horse power three phase motor and controller 
that can provide a contact torque of up to 3,000 Nm (Chen et al., 2017). 
 
 
Figure 1.3.4 - Worldwide locations of various rotary-shear high-velocity friction apparatuses, modified after Ma 
et al., (2014) to include subject of this thesis 
Only a small number of the rotary shear apparatuses around the world have managed to also 
include a pressure vessel around the test sample. The inclusion of a pressure vessel and a 
jacketed confined sample presents a huge technical challenge. The sample must be sealed 
from a confining medium while rotating, while one side of the sample remains static so that 
frictional sliding can occur across the sample. One of the best examples of a jacketed sample 
is shown in Figure 1.3.3. The seal compromised of Teflon, O-Ring, and a polished metal T 
shaped piece. These components work together to reduce the seal friction acting on the 
sample, so that the torque measurement is more accurate.  
In Table 1.3.1, taken from (Ma et al., 2014), a breakdown of existing low to high velocity 
apparatus and some of the key capabilities of each is presented. 
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1 LHV (gas): Brown  1982 10−9 – 5 × 10−3 1000 85   PV for 
Gas 
 200 (H20) 
2 HV (axial friction welding rig): 




0.5 – 4.0 10 14     
3 HV (1st machine): ERI, Kyoto, 
Kochi  
1990 1.3 × 10−4 – 
1.3 
20 48   Small PV  5 (H2O, 
N2) 
4 LHV (2nd machine): ERI, Kyoto, 
Hiroshima, AIST  
1997 1.5 × 10−10 – 
10 
20  70  Large PV  50 
5 IHV: Kyoto (Tsutsumi)  2006 4.6 × 10−6 – 
4.6 2.6 × 10−6 
– 2.6 
9                      
20 
 16     
6 LHV: Shizuoka, to Kyoto (Lin)  2007 2 × 10−8 – 1.3 200  80  Large PV  30 (H20) 
7 HV: NIED  2007 7 × 10−4 – 2.6 40   15     
8 IHV: Kochi  2008 2 × 10−7 – 0.63 240  440     
9 HV (high T): SRI, Chiba  1989, 
2007 
1.1 × 10−3 ~ 
0.53 
1.56  4.8     
10 IHV (Instron t/c): Brown  
 
10−6 – 0.4 11  113     
11 IHV (MTS t/c): Padova   10−6 – 0.4 20  1100     
12 IHV (SHIVA): INGV  2009 10−5 – 6.5 60  1100  Small PV  15 (H20) 
13 HV: Oklahoma ROGA 2008 10−3 – 2 35  3000     
14 HV: Scripps    10−2 – 2 5       
15 LHV (3rd machine): IGCEA  2010 1.4 × 10−9 – 
2.1     
8.7 × 10 −10 –
1.3 
8/80         
20/200 
 140 2 
Medium 
PV 
 70 (H20) 
16 LHV: Padova  2010 8.7 × 10−10 – 
1.3 
20  70     
17 LHV: NCU-Taiwan  2011 8.7 × 10−10 – 
1.3 
20  48     
18 LHV: Durham 2010 8.7 × 10−10 – 
1.3 
20  70     
19 LHV: Liverpool (Volcanology 
Group) 
2014 8.7 × 10−10 – 
1.3 
20  70     
20 LHV: Liverpool (Rock 
Deformation Laboratory) 
2016 1 x 10-8 – 2 200  3000  Large PV  200 (H20) 
 
Table 1.3.1 - A comparison of rotary-shear friction apparatuses having high-velocity capabilities (Ma et al., 









 Previous Experimental Studies on Fault Friction 
 
The frictional properties of fault zone materials, and their evolution during slip, are of 
paramount importance for determining the earthquake mechanics of large tectonic faults. 
Friction, and specifically shear resistance during earthquakes, is a parameter that is 
impossible to determine from seismological methods, so much of our understanding comes 
from experiments and modelling.  
Experimental studies using the geometries a to d shown in Figure 1.3.1, typically focus on 
understanding the frictional behaviour of geological materials over short displacements 
(millimetres to centimetres) and slow slip velocities (typically <1 µms-1), which is important 
for understanding how faults behave in the initial stages of an earthquake during its 
nucleation phase (e.g. Behnsen and Faulkner, 2012; Blanpied et al., 1995; Marone et al., 
1990). In contrast, rotary shear apparatuses have generally been used to study fault 
behaviour at much higher displacements (e.g. Beeler et al., 1996; Scruggs and Tullis, 1998), 
and at intermediate (1-100 µms-1) to fast (>100 µms-1) sliding velocities, to investigate the 
frictional response during the earthquake propagation phase. Previous rotary shear 
experiments that have approached the speeds that natural faults slip during an earthquake 
(approx. 1 ms-1) have shown that geological materials become much weaker than when they 
are sheared at slow sliding velocities (e.g. Di Toro et al., 2011; Faulkner et al., 2011). This 
weakening is a result of elevated temperatures at high velocities caused by shear heating. 
One weakening mechanism that is induced by shear heating, and is of particular interest to 
geologists as it is thought to be prevalent during earthquakes on natural faults, is thermal 
pressurization of pore fluid (e.g. Badt et al., 2020). Badt et al., (2020) shows the relationship 
between porous rocks and heating of the fluid during experiments. Heat generated during 
slip is able to cause a pressurisation of the fluid and cause a stress reduction of up to 52 %. It 
is therefore important that rotary shear apparatus have an accurate control of the pore-fluid 
pressure, and in turn the confining pressure, something that many of the existing rotary shear 
apparatus around the world are lacking. This is a large part of the motivation behind the 
development of the new rotary shear apparatus presented in this thesis, to be able to 
measure accurately and control the pore-fluid and confining pressures during slip at 
velocities equivalent to those that occur during an earthquake. 
Almost all the experiments previously performed have been unconfined, to some degree. 
Normal stress is applied across the sliding interface but, in the case of gouge experiments, 
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the granular material has been held in place with a tight-fitting PTFE ring that allows low 
friction sliding, but does not provide a seal that is able to confine fluid into the gouge layer 
(Faulkner et al., 2011). Progress has been made to truly confine the gouge layer and 
independently control the pore fluid pressure. Pore fluid pressure has been controlled in 
some apparatus, but only by placing the entire sample assembly within a pressure vessel so 
that the sample is in a ‘bath’ of pore fluid where the pressure can be controlled (Niemeijer 




This chapter describes the eight key components of the High Velocity Rotary Shear 
Apparatus, which include: 
 Sample Assembly 
 Vessel 
 Frame 
 Axial Load 
 Rotary Motion 
 Internal Torque 
 Confining Pressure System 
 Pore Pressure System 
 
It will explore the considerations that went into the design and capabilities of the sample 
assembly, vessel and frame; the two main types of motion employed during an experiment, 
axial force by the linear actuator and rotary motion by the two different motor setups; how 
torque is measured; and the fluid pressure systems.  
In order to define the required specification, the apparatus will need to recreate conditions 
comparable with typical earthquake nucleation and propagation depths (i.e., confining 
pressure and normal stresses that are equivalent to ~15 km depth in the Earth’s crust). Given 
the relation: 
 
𝑃 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 x 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 x 𝑑𝑒𝑝𝑡ℎ   (1) 
Where; 
Typical crustal density = 2500 kg/m3 
Gravitational acceleration = 9.81 m/s2 
Depth = 15,000 m 
𝑃 = 2500 x 9.81 x 15000 
𝑃 = 367,875,000 𝑃𝑎 




368 MPa is a value that would increase the range of depths that have been studied in the 
laboratory. Previous apparatus have only been able to achieve ~25 MPa, which is equivalent 
to 1 km depth in the crust.  
Independent control of the pore fluid can replicate the presence of water found within 
natural faults. Frictional heating of the fault materials and pore-water during slip means that 
thermal pressurisation of the fluid can occur. Measuring and altering the pressure of the fluid 
while containing it within the sample will give us a greater understanding of frictional 
processes during slip.   
Slip speeds typically found in natural earthquakes are between 1 – 10 ms-1 (Rowe & Griffith, 






       (2) 
and if known values for Shear Modulus, Stress drop, and rupture velocity Vr are used then a 
range for V Slip Velocity can be determined (Rubin, 2011). 
Additional assembly drawings, drawing sheets and photographs are provided in the appendix 
of this thesis to help the reader better understand the apparatus, especially where in the 
main body of the thesis there is only a 2D sectional drawing that can be hard to visualise 
without a photograph.  
 
 Sample Assembly 
 
The core of the new apparatus is the sample assembly. As specified in Section 1.1, it must be 
able to apply a high normal stress, hydraulic isolation of the sample from the confining 
medium, and slip speeds in the meters per second range. Previous machines have utilised 
two solid cores pushed together, although a ring shear geometry has also been employed 
(Han et al., 2007). A key problem with using solid cores is that during shear, there is a velocity 
gradient from zero at the centre of the sample, to a maximum at the outside. A ring shear 
reduces this problem, as only a small velocity gradient is present, and it has the added 
advantage that the area of contact is reduced, lessening the amount of normal force required 
to reach the target normal stress. However, it does require an additional seal on the inside 









The sample assembly shown in Figure 2.1.1 and Figure 2.1.2 is comprised of two primary 
components and three secondary components. The two primary components are the top 
sample holder that rotates and bottom sample holder which is held stationary. The 
secondary components are the T-piston, torque coupling and piston (Figure 2.1.2). All 
components are made from 17-4 Precipitation Hardened stainless steel, hardened to 
Rockwell C45 (Table 2.1.1). Stainless steel was chosen as it has good corrosion resistance to 
water, which is used for confining and pore fluids. Common stainless steels such as 304, 306 
and 316L would have good corrosion properties but would not be strong enough to withstand 
the pressures applied. 17-4 PH in the annealed condition is widely available and has good 
mechanical properties for machining. It also provides short-time, low-temperature heat 
treatments (492°C at 1 hr) to increase the hardness of the material to Rockwell C45. This 
increase in hardness prevents the o-rings permanently deforming the material while the 
apparatus is at pressure. 
The primary function of the sample assembly is to contain the sample and allow for the axial 
load, rotational motion and pore fluid pressure to be applied to the sample. The top sample 
holder is the rotating part of the sample assembly, and is driven via four drive tags Figure 
2.1.9 by the T-Piston component. The bottom sample holder is static in a rotational sense but 
moves up and down to apply the axial load. There are two independent measures of the 
torque applied to the sample: (i) an internal torque cell that measures the torque via a strain 
gauge adhered to the internal bore of the torque coupling (as described in Section 2.6), (ii) 
external load cells attached to reacting ‘arms’ located below the middle plate of the frame 
that prevent rotation and measure load. These arms are coupled to the piston which are 
connected through the torque coupling via spline fittings to the bottom sample holder. More 







    
32 
 
 17-4 PH Data Sheet  
 Composition  
 Carbon  0.07 % max.   
 Manganese  1.00 % max.  
 Phosphorus  0.040 % max.   
 Sulphur  0.030 % max.  
 Silicon  1.00 % max.  
 Chromium  15.00-17.50 %  
 Nickel  3.00-5.00 %  
 Copper  3.00-5.00 %  
 Columbium plus Tantalum  0.15-0.45 %  
 Mechanical Properties C45 (H900)   
 Hardness Rockwell C45  
 UTS (MPa) 1448  
 0.2% Yield Strength (MPa) 1379  
 Elongation % (50.8mm) 7  
 Heat treatment 1hr @ 482 °C  
    
Table 2.1.1 - Composition and Mechanical Properties for Stainless Steel 17-4 Precipitation Hardened to H900 
Specification.  
Pore fluid (deionized water) is supplied to the sample assembly via thin bore stainless steel 
pipework 1.6 mm Outer Diameter (OD) and 0.5 mm Inner Diameter (ID). The downstream 
pore fluid connects directly to the bottom sample holder and flows to the sample via internal 
tracks (Figure 2.1.1). Two sintered porous stainless steel rings (manufactured by GNK metals; 
Sika-R-1 with a permeability coefficient of 0.13 x 10-12 m2) are located either side of the 
sample on both the upstream and downstream ends to ensure the pore fluid is evenly 




Figure 2.1.2 – Assembly view of the loading column.  
The upstream pore fluid connection provided more of a design challenge, relative to the 
downstream, as the top sample holder will rotate at speed during an experiment, which 
would result in any pipework coiling around the sample assembly and ultimately breaking. 
To remedy this a fixed connection was made into the vessel top nut, as shown in Figure 2.1.3. 
This vessel top nut is stationary during an experiment. Four seals are placed above and below 
the exit ‘T’ point for the fluid: two are Viton O-rings seals between the top nut and the vessel 
Figure 2.1.8; and two are TurnRing Type 2571 rotary seals, which provide dynamic sealing 
during rotation between the top nut and the top sample holder Figure 2.1.8. An internal 
track, provided by a groove on the top sample holder, channels the fluid towards the porous 




Figure 2.1.3 – Sample assembly, vessel and top nut.  
Sample preparation for an experiment requires the sample material (fault gouge) to be 
inserted into the bottom sample holder with seals in place Figure 2.1.4. The top sample 




Figure 2.1.4 – Four stages A-D of preparing the top and bottom assemblies with a sample and seals 
The two parts are temporarily fixed together with a jig (Figure 2.1.5) designed to allow the 
user to place the bottom holder splines into the piston. The jig has three tie bars which screw 
into the bottom sample holder. The plate is fixed onto the top sample holder with screws to 
keep the assembly secure while moving with the handle.  
 
Figure 2.1.5 – Sample assembly jig 
The sample assembly is typically loaded through the top of the vessel. The user attaches the 
downstream pore pressure pipe Figure 2.1.3 to the bottom sample holder before the sample 
assembly is placed into the vessel. Coiled pore fluid pipes can be seen unconnected in Figure 
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2.1.6. The jig is then removed and the upstream pore pressure connection is made to the top 
nut before it is lowered into place and bolted. Then the T-Piston can be lowered and drive 
tags engaged, a photograph of this can be seen in Figure 2.1.9.  
 
Figure 2.1.6 – Sample assembly photograph.  
2.1.1 Sample Dimensions 
The sample has an annular ring-geometry with an internal diameter of 50 mm and an external 
diameter of 60 mm. A typical sample height will be approximately 3 mm, but is subject to 
variation depending on experimental conditions and sample materials. Allowances must be 
made to the sealing arrangements when altering the height of the sample, for example a 
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taller sample will require a taller Poly Tetra Fluoro Ethylene (PTFE) seal than a thin sample. 
The sample area (A) is calculated using,  




r2 = outer radius of sample = 30 mm 
r1 = inner radius of sample = 25 mm 
𝐴 =  𝜋(0.0302 − 0.0252) 
𝐴 =  8.64 𝑥 10−4 𝑚2 
 
2.1.2 Sample Sealing 
A two-part sealing arrangement is used to contain the sample during experiments. This is 
shown in Figure 2.1.7. It consists of two Viton O-rings and two PTFE rings, one on the internal 
edge and one on the external edge of the sample. The PTFE rings are static as they seal 
against the bottom sample holder and are not expected to move because a greater area of 
the ring is in contact with the bottom sample holder than the top sample holder. The O-rings 
are dynamic and will rotate along with the top sample holder due to the low friction between 
the Viton O-rings and the steel. Hence the dynamic seal is between the top sample holder 





Figure 2.1.7 – Cross section of two-part sample sealing setup.  
The sealing arrangement will undergo compression as the sample is loaded axially. It also 
experiences a certain amount of sliding during rotation, and it is expected that it will break 
down quickly due to the high temperatures produced during high-speed tests. The 
breakdown temperature for PTFE is in the region of 350 - 400C. While the PTFE is expected 
to be immobile, if movement does occur it will have very little to no impact on the torque 
reading, as the friction coefficient of PTFE is approximately 0.05, which is considerably lower 
than typical friction values of the geological materials (0.6 - 0.85) that will be tested in the 
apparatus (Byerlee, 1978).  
If the seals fail the confining pressure will equilibrate with the pore-fluid pressure, thus 
leading to contamination of the sample with the confining medium, resulting in the end of 
the experiment. It is possible that when a seal fails some of the sample might leak out into 
the main vessel, care should then be taken post experiment to clean all areas where the 
sample might contaminate. It is especially important to do this around the bottom piston seal 
which is a dynamic seal. 
During an experiment the area that supports the greatest amount of normal stress are the 
two surfaces either side of the porous rings (Figure 2.1.7). In this cross sectional drawing they 
resemble teeth or pegs. The total area for these ‘teeth’ is 6.9 x 10-4 m2. Assuming a maximum 
load being applied from the actuator (Section 2.4) of 700 kN, the pressure on these regions 
will be 1014.5 MPa. Just under the yield strength of 1379 MPa (Table 2.1.1) for the material 
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17.4 stainless steel. In practice, the load will be shared over the porous rings as well as the 
seal areas, reducing the pressure felt on these surfaces.  
2.1.3 Other Sealing 
Due to the movement of the apparatus during experiments, specialist seals are needed in 
other areas. At the base of the vessel confining fluid is contained by a Variseal (Type 3041) 
located in the vessel baseplate and sealing against the bottom piston as it moves up and 
down during axial loading (Figure 2.1.8).  
 




The top sample holder rotates, with Rotary Seals (TurnRing Type 2571) preventing the 
upstream fluid from escaping out of the vessel or into the confining fluid. It is expected that 
the rotary seals will fail during fast experiments. This failure may cause a pressure build up 
against the top nut and the T-piston. A pressure relief cross-bore (Figure 2.7.3) was added to 
the design of the vessel to channel high pressure fluid safely out of this area and reduce the 
risk of a pressure build up on a larger surface area. Standard Viton O-Rings are used to seal 
between the Vessel and the Baseplate and Top nut. These seals are static and do not move 
during an experiment. 
 
 
Figure 2.1.9 - Photograph of the Top Sample holder and Top Nut inside the vessel before the T-Piston and drive 




One of the most critical components of the High Velocity Rotary Shear Apparatus is the 
pressure vessel. This section details the factors that need to be considered when designing, 
manufacturing and running experiments with relation to the vessel.  
First, different types of pressure vessels are described, followed by an analysis of stresses 
within pressure vessels, and finally vessel design and the associated safety calculations are 
presented.  
2.2.1 Types of Vessels 
Pressure vessels can be broadly classified into two types, thin-walled and thick-walled 
vessels. Thin-walled pressure vessels are widely used in industry, for storage and 
transportation of liquids and gases, and as aerospace and marine vehicles. The walls of an 
ideal thin-wall pressure vessel act as a membrane, or a surface, and hence they are assumed 
to be unaffected by bending stresses over most of their extent. For this assumption to be 
valid, the vessel must have a wall thickness of no more than a tenth of its radius. Thick-walled 
pressure vessels are those where the wall thickness is greater than a tenth of the radius. For 
these thick-walled vessels the variation of internal stresses cannot be ignored. Due to the 
large internal pressures required for the apparatus described here a thick wall is required. 
The primary function of the vessel in the apparatus is to safely contain the confining medium 
(i.e. deionised water) during experiments. Secondary factors to consider are: the alignment 
of the central column; mounting bolt holes; bleed holes to safely release pressure in the case 
of seal failure; the expected lifespan of the vessel; future redesigns; and cost. 
In engineering design there are multiple ways of manufacturing a thick-walled pressure 
vessel. Typically, there are three that are most used.  
1. Monobloc vessels.  
These are the simplest type of vessels. A monobloc vessel is made from a known 
ductile material. The vessel is made from one piece of material and, with the 
exception of the end caps, there is no material added to the vessel block.  
 
2. Autofrettaged vessels 
The process of autofrettage is achieved by permanently deforming the vessel in a 
localised area near the internal bore with very high internal pressure, so that when 
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pressure is released, the material experiences a compressive stress towards the 
centre of the vessel. By doing this the outer diameter is brought under tension. The 
mean stress across the material during a pressurised test is therefore reduced and 
the vessel can withstand a higher pressure.  
 
3. Compound construction vessels   
Using two or more materials to pre-stress a pressure vessel via shrink fitting results 
in a state of initial compression on the internal bore. Similarly, to the autofrettage 
technique this can increase the fatigue limit of the vessel compared to an 
unstressed vessel.    
 
Due to the lower cost, ease of production, and of the analysis of the design criteria, a 
monobloc design was chosen for use in the rotary shear apparatus. Additionally, the existing 
five vessels used within the other deformation apparatuses in the University of Liverpool 
Rock Deformation Laboratory are monobloc designs, so there is trust and experience within 
the group in the monobloc design. The next section discusses the theory behind stress 
analysis in monobloc vessels and the design criteria that arise from this. 
2.2.2 Stress Development in Monobloc Vessels 
Figure 2.2.1 illustrates a section through a monobloc vessel showing the internal radius, the 





Figure 2.2.1 - A cross section through the axis of a monobloc vessel that shows the inner and outer radii (r1 and 
r2 respectively) and the stresses that develop in the vessel walls with internal pressure P1 and external pressure 
P2; radial r, and hoop h, (Annaratone, 2007; Spence et al., 1995) 
The longitudinal stress L acts parallel to the cylinder axis. Assuming the vessel axis is longer 
than the diameter of the vessel we consider the longitudinal stress to be uniform across the 
thickness of the vessel. The circumferential stress, or hoop stress h acts perpendicular to 
the cylinder axis and at a tangent to the circumference. The radial stress r acts perpendicular 
to both the cylinder axis and hoop stress Figure 2.2.1. 
The internal pressure will produce a radial compression and thus cause ‘thinning’ of the 
cylinder wall. Therefore, it is considered a negative stress. It is conventional, in engineering 
applications, to define compressional stresses as a negative (-P). The external pressure will 
typically be at atmospheric pressure, which can be considered to be negligible.  
In a thick cylinder, with pressure only applied internally, there is a significant change in stress 
within the vessel from the internal diameter to the external diameter. The stress will be 
highest on the inner surface of the vessel and will gradually reduce towards the external bore 




Figure 2.2.2 - An illustration of how stress develops within the wall of a monobloc vessel when pressured from 
the inside (P1>P2) (Annaratone, 2007; Spence et al., 1995). 
To enable the calculation of the stresses within a pressure vessel, Lamé’s Equations are 
typically used. These were developed by the mathematician Gabriel Lamé in the 1800s and 
describe the stress in a thick-walled cylinder (Hearn, 1997). The hoop stress (h) and the 
radial stress (r) can be described as:  
𝜎𝑟 = 𝐴 −  
𝐵
𝑟2
  (4) 
 
𝜎ℎ = 𝐴 +  
𝐵
𝑟2
   (5) 
Where A and B are constants that can be determined from the boundary conditions for any 
radius, r. If the radial stress at the inner bore is equal to the pressure, P, within the vessel, 
then: 
r = r1 and σr = -P.  
If the outside of the vessel is at atmospheric pressure, then: 
r = r2 and σr = 0.  
Using these constraints with equations (4) and (5) we obtain: 
−𝑃 = 𝐴 −  
𝐵
𝑟1
2   (6) 
0 = 𝐴 −  
𝐵
𝑟2
2  (7) 















2    (9) 
Therefore, the r becomes:    

















]  (11) 
Where k is the diameter ratio 
𝐷2
𝐷1
⁄  or   
𝑟2
𝑟1⁄  
Similarly, the h is:     

















]      (13) 
 
Equations (11) and (13) yield the stress distribution in the cross-section seen in Figure 2.2.2. 
To determine if the vessel will undergo any permanent deformation when a pressure is 
introduced, analysis of the stress state developed in the vessel wall must be compared with 
yield criteria for the material from which the vessel is manufactured. σh and σr are two 
mutually perpendicular stresses and are the maximum and minimum stresses in the vessel 
and hence give the principal stresses. From these the stress state in 2D is defined. The 
maximum shear stress occurs on planes orientated at 45 ° to the principal stresses. The shear 
stress (τ) is defined as:  
𝜏𝑚𝑎𝑥 =  
𝜎ℎ−𝜎𝑟
2
   (14) 
Yielding of the vessel can occur (i) in shear, in which case the shear stress must equal or 
exceed the shear yield strength of the material or (ii) in tension, in which case the h must 
equal or exceed the tensile yield strength (σy) of the material, 
This can be illustrated on a Mohr diagram Figure 2.2.3, where the state of stress is plotted as 
a circle, which increases in size as the internal pressure (P) increases. The circle can be defined 
using equations (11) and (13) for the principal stresses. For tensile failure, the circle must 
reach the tensile yield strength.  
(i) For yield in shear (Pys), the Tresca yield criterion can be used. This states that 




   (15) 
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Combining equations (14) and (15) and assuming the vessel is at yield: 
(𝜎ℎ − 𝜎𝑟) =   𝜎𝑦 (16) 
The largest values of σh and σr always occur at the inner bore of the vessel during internal 
pressurization, i.e. when r = r1. This is where yielding of the vessel is most likely to occur.  
Substituting equation (10) and (12) into Equation (16) and solving for P when r = r1 gives us 
the yield pressure (Pys) of the vessel.  
This equation incorporates the principal stresses that act on the vessel at any known radius. 
However, for simplicity we will look at the area which maximum stress is occurring, r1.  

























Which equals:  
𝑃𝑦𝑠 =  𝜎𝑦
(𝑘2−1)
2 𝑘2
  (18) 
 
(ii) For yield in tension (Pyt), the pressure at which the vessel will yield can be 
calculated (Figure 2.2.3). Taking equation (13) we can substitute σy for σh and 













)   (19) 
 
Having derived the expressions for yield pressure for both shear and tension (Equations 18 
and 19), we can insert the values for the yield strength of the material used for the vessel 
and the wall ratio. The yield strength of the vessel material, 17-4 Stainless Steel, is 1379 
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MPa (Table 2.1.1) and the wall ratio is 2.727. Hence for failure of the vessel in shear, the 
pressure required would be:  
 




𝑃𝑦𝑠 = 596.7 𝑀𝑃𝑎 








𝑃𝑦𝑡 = 1050.7  𝑀𝑃𝑎 
 
It can be seen from this analysis that the vessel will always fail in shear before tension. The 
same conclusion can be shown diagrammatically using Mohr’s analysis. Figure 2.2.3 
illustrates the development of the stress state with pressure. The Mohr Circles (Figure 2.2.3) 
are plotted using the radial stress equation (4) and hoop stress equation (5) for three 
confining pressures, 200 MPa, 400 MPa and 600 MPa. The shear strength of the material, 
according to Tresca Criterion, is the yield strength divided by 2. Using equation (15) above 
and the yield strength of the 17-4 stainless steel which is 1379 MPa (Table 2.1.1) the yield 




𝜏𝑚𝑎𝑥 = 689.5 𝑀𝑃𝑎 
The pressure at which tensile failure will occur is plotted onto the Mohr diagram in Figure 
2.2.3, along with the tensile yield strength. Comparison of the stress state that develops with 
pressure with the yield conditions illustrates again that the vessel will fail first in shear as 




Figure 2.2.3 - A Mohr circle diagram with increasing confining pressures applied to the pressure vessel. This 
circle demonstrates that failure according to Tresca will be reached before the Yield of the material. 
2.2.3 Vessel Design 
Figure 2.2.4 shows a plot of pressure at yield versus the wall ratio (k) of the vessel. This graph 
indicates that above wall ratios of around three there is relatively marginal increase in yield 
pressure of the vessel. Therefore, is it advisable from a size, weight and cost perspective to 
choose a wall ratio which will give a good factor of safety while keeping cost and size to a 
minimum. 
With a working pressure of 200 MPa it was calculated that a wall ratio of 2.727 would give a 
yield pressure of approximately 685 MPa (Figure 2.2.4). This wall ratio was calculated by 
dividing the external diameter (OD) 300 mm by the internal diameter (ID) 110 mm. 
This gives a factor of safety of around 3.4 calculated by dividing the pressure at which the 






3.4 is an acceptable factor of safety for the pressure vessel. In the unlikely event of vessel 
failure, the risk to the user will be mitigated by the 6 mm blast shields protecting the user 
from debris  (Darlaston & Wintle, 2007; Saville & Cox, 1977). 
 
Figure 2.2.4 - Yield Pressure (in MPa) of the vessel for versus wall ratio. Red line illustrates the wall ratio (2.727) 
of our pressure vessel. 
2.2.4 Vessel Material 
A variety of materials can be used to construct vessels; stainless steels, maraging steels, tool 
steel, mild steel. When we consider the sealing arrangement (Section 2.1) it is reasonably 
assumed that the dynamic, rotating seals will break down due to frictional heating during the 
higher velocity tests (> 1 mms -1). This breakdown of seal structure during rotation has been 
reported in other rotary shear apparatuses (Tullis & Weeks, 1986b). Seal breakdown will lead 
to a cross contamination between the confining fluid and the pore fluid. For this reason, the 
same fluid for confining pressure and pore pressure has been used, deionised water. The use 
of water in our system means that we must choose a material that is not only of the 
appropriate strength and hardness but is also corrosion resistant. A suitable choice is 17-4 (~ 
17 % Chromium, 4 % Nickel) precipitation hardened stainless steel, as it is corrosion resistant. 
It is also machinable in the annealed A condition, widely available and can be heat treated 
after machining to over 1448 MPa UTS (Section 2.1 - Table 1). The Certificate of Conformity 






























Figure 2.2.5 - Certificate of conformity for pressure vessel material annealed - A Condition 
2.2.5 Vessel enclosures – Top and Bottom 
The top enclosure of the vessel contains two sealing areas, between the top nut/vessel and 
between the top sample holder/top nut. The top nut is held in place by eight high tensile 
strength bolts (grade 8.8). The top sample holder is held in place by T-Piston which in turn is 
held by the thrust bearing. The thrust bearing is housed within the top plate Figure 2.2.6. 
Calculation of the force (F) acting on the top sample holder supported by the trust bearing is 
determined as follows: 
   F = P x A  (20) 
Where; 
P is the maximum pressure (200 MPa)  
A is the area given by: 




)2 = 3.848𝑥10−3 𝑚2  (21) 
The force of confining pressure acting on top sample holder is therefore 769.7 kN at 200 MPa.  
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The total maximum force acting on the top sample holder is a combination of force from the 
confining pressure (769.7 kN) plus the maximum force generated by the axial loading column 
(700 kN). This gives a total maximum force acting on bearing of ~1470 kN. The dynamic load 
capacity of bearing = 1560 kN. This means that when running an experiment at maximum 
confining pressure and maximum axial load the thrust bearing will have a very limited life 
cycle due to fatigue.  
 
 
Figure 2.2.6 - Force acting on top and bottom enclosures. Green = supported by baseplate and middle plate. 
Blue = supported by top nut bolts. Red = supported by thrust bearing and top plate. 
Calculation of the force (blue arrows in Figure 2.2.6) acting on the bolts supporting the top 
nut.  
Where;  
Pressure (Max) = 200 MPa 




)2  - 𝐴 = 𝜋(
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2
)2  (22) 
A = 5.6548 x 10−3 𝑚2 
Force (acting on top nut @ 200 MPa) = (200 MPa)( 5.6548 x 10−3 𝑚2) 




Effective shear area of 8 x M18 which hold the top nut:      𝜋(𝑑) x 𝐿 x 8  (23) 
𝜋(16.376 𝑚𝑚) x 45 𝑚𝑚 x 8 
2.315 x 10−3 𝑚2  x 8 
= 0.018552 𝑚2 
 






Stress acting on 8 bolts holding top nut = 61.06 MPa 
 
Factor of Safety on bolts holding top nut.  





FoS = 10.8 on bolts holding top nut in place.  
The bottom enclosure of the vessel is referred to as the vessel base plate. It is located 
between the vessel and the frame middle plate and is held in place by eight high tensile bolts. 
The force (green arrows in Figure 2.2.6) acting on this part is the same as the top nut 
(approximatly 1130 KN at 200 MPa) however the vessel base plate is supported by the middle 
plate (50 mm mild steel plate) so the force acting over this area is better supported over the 
300 mm diameter area. This area is over 2.5 times larger than the top nut, therefore the 







The apparatus frame needs to provide support, alignment, rigidity and safety for all 
components. In this application, the frame must not only be capable of withstanding applied 
axial stress, in the same way that a ‘regular’ triaxial apparatus would, but also torsional stress 
for the rotary component of the machine. The machine design should also keep accessibility 
of the user in mind. Any experimental procedures should be able to be carried out by one 
person, while ease of access for maintenance purposes should also be considered. 
As the sample will primarily be made up of powder gouge material it was decided the frame 
would be orientated vertically. This will provide more consistent and even gouge layering. 
Axial load (Section 2.4) will provide the normal stress on the sample. This motion is linear and 
will cause the frame to extend or stretch. Rotary motion (Section 2.5) will provide a shear 
stress on the sample. This motion is rotational, and the torsional stress resulting from this 
motion will cause the frame to twist. The arrangement used in the apparatus at Brown 
University (Tullis & Weeks, 1986a) has loading and rotation both being applied from the same 
side of the sample, allowing ease of access to the sample for the user Figure 2.3.1a. The 
Toshihiko Shimamoto apparatus (Ma et al., 2014) loads from below the sample and rotates 
above the sample Figure 2.3.1b. This simplifies the application of axial and rotary stress 
however there is only a small area with which to load the sample. 
It was decided that loading and rotating on opposite sides of the sample would give greater 
flexibility as changes to one mechanism could be altered without affecting the other, i.e. 
changing the motor setup. Other frame designs like the apparatuses found in the University 
of Oklahoma and INGV (Chen et al., 2017 (supporting documents); Di Toro et al., 2010) were 





Figure 2.3.1 - Schematic diagrams of Tullis apparatus (a) (Badt et al., 2020) and Shimamoto apparatus (b) (Ma 
et al., 2014).  
2.3.1 Initial frame designs 
Preliminary designs for the frame setup considered using four long posts with top, middle 
and bottom plates (Figure 2.3.2). The top and middle plate would be moveable for access 
and setup. However, it became clear that the setup would need more torsional rigidity to 
prevent the four posts from twisting during the high torque experiments.  
Withstanding the high torque would require supports or plates to prevent twisting of the 
posts. These plates need to also withstand the high axial loads applied during an experiment. 
For the second design plates were added to Mk1 to make the frame more rigid. The thickness 
of the top, middle and bottom plates were increased in rig design Mk2 (Figure 2.3.3) to 
withstand the expected high axial loads. In this design only the top plate would move, this 
would allow sorter posts and a more rigid system. The addition of the plates in the top section 





Figure 2.3.2 – Rig Design Mk1 
 
 
Figure 2.3.3 – Rig Design Mk2 
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The final design incorporated some of the earlier design considerations with the addition of 
long side plates for the frame shown in Figure 2.3.4. These long plates would provide rigidity 
during torque experiments as well as support and crucially location for the top and middle 
plates. Also, they would act as a user safety barricade in two directions for the pressure vessel 
in case of failure. In addition, two blast shield plates are bolted to the side plates to enclose 
the pressure vessel area before confining pressure is applied. 
 
Figure 2.3.4 – Final Frame Design 
2.3.2 Frame Material 
The frame components were manufactured from Mild Steel (En8) and zinc plated for 
corrosion resistance. Mild steel was chosen due to its availability, ease of manufacturing and 
cost. Zinc plating was applied to the parts after machining to prevent corrosion typically seen 
in mild steel due to moisture in the atmosphere. It was also considered that as the fluid used 
in experiments is water then any leaks would not cause the material to corrode. 
The four mounting posts, made from mild steel also, were chrome plated then machine 
ground. Chrome plating and grinding provides a hard wearing, accurate finish. This facilitates 
the smooth travel of the top plate. Brass bushings are inserted into the top plate to 
accommodate the travel of the top plate along the four posts. 
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2.3.3 Bolt Calculations 
Sixteen M20 x 90 mm bolts fix the top and bottom plates to the side walls Figure 2.3.5. Grade 
8.8 medium carbon steel quenched and tempered bolts are used. These have a minimum 
yield stress of 660 MPa. To work out the loading stress (= Loading Force/Area of bolts) on the 
bolts the total area effected during maximum loading by the sixteen bolts must be calculated.  
𝜋(𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟) x 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐿𝑒𝑛𝑔𝑡ℎ  x 32 (𝑛𝑜 𝑜𝑓 𝐵𝑜𝑙𝑡𝑠) = 𝐴𝑟𝑒𝑎 (25) 
 
𝜋(18.376) x 50 x 32 = 46183.9 𝑚𝑚2 
 
𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 (𝑁)
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐵𝑜𝑙𝑡𝑠 (𝑚𝑚2)




= 15.157 𝑀𝑃𝑎 
 
 
Figure 2.3.5 – M20 Bolts. Exploded view to show positions.  
A stress value of 15.157 MPa has a Factor of Safety (FoS) against the yield stress for 8.8 grade 
bolts of 43.623. This FoS increases to 54.6 for Ultimate Tensile Strength. This is a very high 
FoS and deemed to be very safe. 
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2.3.4 Structural analysis of the frame 
Using Pro Engineer Creo Structural analysis software loading of the side plate can be 
simulated in tension to 700 kN. This value represents a worst-case scenario where the entire 
loading capacity of the linear actuator is acting on a single side support. As shown in Figure 
2.3.6 the Maximum Shear Stress the plate is subjected to is 22.13 MPa, this maximum stress 
is expected to act on the screw holes and through holes. The maximum stress is seen here as 
there are stress concentrations on the threaded areas and stress will grow from the through 




Figure 2.3.6 – Maximum shear stress (MPa) seen by a single side plate when loaded in tension 
Displacement of the 200 mm thick top plate can also be simulated. As seen in Figure 2.3.6 
the maximum load value of 700 kN from the linear actuator is applied to the underside of the 
top plate. The surface used is where the SKF bearing is housed. The maximum displacement 




To calculate the displacement or ‘deflection’ (ymax) of the beam the following formula can be 
used for a simply supported beam with a central load (Hearn, 1997). 
Where; 
F = Load (N) 
L = Distance between supports (m) 
E = Young’s Modulus for Mild Steel (Pa) 
I = Area of inertia for a rectangular section (𝐼 =
𝑏ℎ3
12
)   (m4)  (26) 
𝑦𝑚𝑎𝑥 =  
𝐹𝐿3
48𝐸𝐼
  (27) 
 
𝑦𝑚𝑎𝑥 =  
(700000)(0.8)3
48(219 𝑥 109)(5.333 𝑥 10−4)
 
 
𝑦𝑚𝑎𝑥 = 6.39 x 10
−6  𝑚  
A deflection value of 0.00639 mm was calculated for a simplified version of the top plate 
supported evenly on both sides and a centre point load, assuming no machining was carried 
out on the plate.  
The deflection value calculated using Creo Structural Analysis for the top plate was 0.182 
mm. This value is a truer representation of the expected deflection of the top plate if all 700 
kN load is applied. This is due to Equation 27 assuming that the beam is infinite in the third 
dimension, resulting in a smaller deflection. The modelling software calculates the value with 
a finite depth to the beam. A more complex structural analysis would be required to get the 
absolute value of deflection during an experiment, which would have to take into account: 
the top plate would not be ‘seeing’ the full force from the linear actuator as force is required 
to overcome the confining pressure; the vessel bolted to the top plate and middle plate 
providing support and preventing movement upwards of the top plate; the weight of the 





Figure 2.3.7 – Maximum displacement (mm) in red of the top plate. 
The shear force (σ) for a simply supported beam with a centre point load is calculated as 
follows (Arthur et al., 2003): 
𝜎 =  
𝐹
2
       (28) 
Where; 
F = Maximum load capable by actuator (N) 




𝜎 = 350 𝑘𝑁 
 
As seen in Figure 2.3.8 the maximum shear stress on the frame at 700 kN is 56.38 MPa 
however the shear force acting on the top plate will never be as high as this due to Equation 





Figure 2.3.8 – Maximum shear stress (MPa) on the top plate if loaded at full 700 kN load from actuator 
 
2.3.5 Alignment 
Alignment and realignment are very important when setting up experiments and for the 
reproducibility of tests. As described above in this section it was decided that the top plate 
would lift up and down for access to the vessel and sample assembly. To ensure correct 
alignment of the vessel after movement, a tolerance fit recess was machined into the top 
plate (Figure 2.3.9) and a corresponding cut was made on the vessel. The recess is referenced 
to the thrust bearing housing. Every time the top plate is lowered into place, care is taken to 
insure the vessel ‘finds’ this recess. Once that is complete the internal bore of the vessel is 

















 Axial Load 
 
To apply a normal stress of 200 MPa on the sample while confining the sample at 200 MPa 
(Section 2.0), we need to calculate the force acting on the sample.  
𝐹 = 𝑃 x 𝐴  (20) 
A = Area of Sample (Equation 3 – section 2.1.1) = 8.64 x 10-4 
P = Desired normal stress = 200 MPa 
𝐹 = (200,000,000) x (8.64 𝑥 10−4) 
F = 173 kN 
173 kN of load is required to apply normal stress on the sample of 200 MPa, this does not 
account for the confining pressure which is trying to push the loading piston back out of the 
vessel, towards the actuator. At maximum confining pressure (200 MPa) the force calculated 
on the area of the piston (1.96 x 10-3 m2) is 393 kN. As such, at maximum confining pressure 
and applying a maximum normal stress on the sample, the axial load capacity must be at least 
566 kN, (393 kN + 173 kN). It was decided to build additional capacity into the system for 
potential future changes in sample area, so a loading system which can apply at least 700 kN 
was chosen. 
The loading system would also have to be fast acting, while the sample is rotating at the 
fastest slip speed of 2 ms-1 the actuator needs to respond quickly to the expected shortening 
of the sample. There are several ways to apply axial load and include: 
Screw Driven: A screw drive uses a ball screw to convert rotary motion into linear motion 
(Figure 2.4.1). The rotations are provided by a servo motor which is connected to a gear train. 
The gears slow down the rotations per minute (RPM) of the servo motor and increase the 
torque required to achieve the load required. This setup in preferred in slow applications but 
would not be suitable for the fast-acting experimental changes required in this apparatus.  
Pneumatic: A pneumatic actuator, like that used in Toshihiko Shimamoto’s rotary shear 
design (Ma et al., 2014) (Figure 2.3.1b), was also explored as an option to apply load. 
Pneumatic actuators have the advantage that, because of the compressibility of air, any 
movement of the loading piston due to shortening of the sample during a short duration test 
will not result in great loss of pressure within the pneumatic actuator. Consequently, there 
is very little change in the applied axial load during experimentation. 
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The primary disadvantage of pneumatic actuators is that they have a limited load capacity 




Figure 2.4.1 - A picture showing the ballscrew loading system on one of the triaxial deformation apparatus 
within the Rock Deformation Laboratory at the University of Liverpool. “The axial loading system that is 
attached to the underside of the base plate of the rig. The GM12 drive motor is connected to the gear train 
which rotates the ball screw. The displacement of the axial loading column is monitored by an LVDT at the base. 
High-tensile bolts connect the axial loading column above to the base plate of the rig” (Image and caption from  
Bedford, 2017). 
Screw driven and pneumatic loading are just two options available, as with many engineering 
applications other solutions are likely to exist and have their own merits. For example, the 
apparatus found in INGV known as SHIVA (Figure 2.4.2) utilises a pneumatic air actuated 
piston coupled to a mechanical arm that increases the maximum load output from the 
actuator by a factor of 2.7 (Giulio Di Toro et al., 2010). The maximum load output from the 




Figure 2.4.2 - SHIVA apparatus; Mechanical arm and Pneumatic arm system seen F-G-I (Giulio Di Toro et al., 
2010) 
For the application here, fast acting control due to the shortening of the sample and close 
control of the load is required. A consideration was also made at this point for the application 
of confining and pore (Upstream and Downstream) fluid pressure control (Section 2.7 and 
2.8). These control systems would utilise servo-hydraulic controlled intensifiers also. As such, 
it made sense to have a single hydraulic power supply for all four fluid pumps.  
The axial load actuator was designed, built and supplied by Servo Solutions, with input from 
the Rock Deformation Laboratory. The servo hydraulic linear actuator can supply 700 kN load 
with a displacement of +/- 50 mm at a maximum displacement rate of 10 mms-1. The 
expected shortening of the sample in a rotary shear test is 2-3 millimetres. However, the 
apparatus was designed with a larger displacement so that it could be altered and modified 
in the future in ways that would allow it to run different experiments such as triaxial tests. 
The actuator is controlled by Servo Solution software and a 11 kW fast acting 25 litre/minute 
variable flow hydraulic power pack (Figure 2.4.3). This power pack also supplies hydraulic 
fluid to the three intensifiers providing fluid control of the confining and pore pressure 
systems (section 2.7 and 2.8).  
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The hydraulic power pack and intensifiers are controlled through the Servotest Pulsar Digital 
Signal Processor (DSP) servo control hub. The Pulsar hub is connected to the control 
computer via usb for interface, data display, signal conditioning and logging. The Pulsar hub 
communication is provided via fibre optic cables that are not vulnerable to electrical noise 
generated by the motor power supply. The system operates from a 16 bit platform with a 
transducer resolution of +/- 32,000 bits, where 1 equals the full scale of the channel. The 
frequency of the control system is 20 kHz, which would limit the data points to 10 samples 
per waveform. This gives a maximum signal generating frequency of 2 kHz which scales down 
to 500 Hz due to the hydraulic servo-valve response. The Servotest control boxes can provide 
digital or analogue input or output signal connections for control and data acquisition. The 
Pulsar software and DSP hub can execute control loop operations for multi-channel control 




Figure 2.4.3 - Hydraulic Power Pack and Chiller, supplied by Servo Solutions LTD 
It was decided due to the large size of the actuator that it would be mounted vertically 
underneath the middle plate and vessel. This would allow experimental access to the top of 
the vessel. In this orientation the rotary systems (i.e. the motor/motor gearbox) could be 
located above the vessel and mounted to the top plate. As explained in Section 2.5 there are 
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two motor configurations, so being able to access and change these setups regularly is 
important.  
To measure the force being applied by the actuator and provide closed loop control for the 
axial load servo-system, a 1000 kN Applied Measurements LTD DSCC load cell is attached to 
the top of the actuator (Figure 2.4.4). The load cell has a domed shaped button screwed into 
it. This dome shape comes into contact with the piston cap (Figure 2.4.5). The piston cap is 
designed to protect the wires feeding out from the internal torque strain gauges (Section 2.6) 
so they do not get damaged during loading. The dome shape accommodates any minor 
misalignments that might occur. 
 




The force is measured outside of the pressure vessel. For this reason, the force measurement 
may not be identical to that which is applied to the sample, due to seal friction. The torque 
coupling (Section 2.6) can be developed to include load measurement via strain gauges at 
some point in the future. This flexibility will allow measurement internally as well as 
externally. 
 












 Rotary Motion 
 
To replicate most natural earthquakes a slip speed of ~2 ms-1 is required. Rotary motion can 
be achieved through several means, these include: 
1. Direct drives such as stepper or servo motors allow for the motor to be connected 
directly to the rotating components of the sample assembly. This is a simple setup as 
it requires a single motor mounted directly on top of the frame. A drawback to this 
however is that a large motor would be needed to overcome the required torque 
(Section 2.6) while not compromising on the speed of rotation. A stepper motor 
converts a DC signal into a mechanical shaft rotation. It can be unreliable in 
controlling its position as it does not have positional feedback and exhibits 
decreasing torque when increasing the speed, this is undesirable. Servo motors are 
generally more expensive than stepper, this can be due to the controller required to 
supply power and the encoder for positional feedback. Close control and accurate 
positional feedback are desirable criteria for this application. Servomotors are 
available with the required torque and revolution ranges. A large servo motor with a 
large power supply could be used in this application.  
 
2. A gearbox or belt drive system could also be used if coupled to a servomotor. A 
similar setup is used to control the axial loading system in the Rock Deformation 
Laboratory triaxial machines (Allen, 2017; Bedford, 2017; Faulkner & Armitage, 
2013). Small form factor servomotors can output high RPMs at a low torque. A gear 
or belt system would increase the torque at a cost of reducing the rotation speeds. 
After consulting with a leading manufacturer of drive belts it was decided that a belt 
drive could work at the speeds required but the higher torques required would make 
the belts slip and lose their position. A mechanical gear could be used to achieve the 
required torque output of a gear drive as well as provide reliable positioning but to 
produce the required ratio, the RPM of the motor would decrease too much on the 
output shaft. While this option wasn’t considered for the fast-rotating experiments 
it was a viable option for slower moving experiments and will be discussed further in 
this section.  
 
3. Fluid powered drives convert fluid energy into rotary motion. Pneumatic or hydraulic 
fluid flow can be used to supply motion to a drive. Due to the compressibility of air, 
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an air driven system would not be able to reach the required loads. A hydraulic 
powered drive can be manufactured with consistent torque and fast speeds, 
however, as seen in the gear train systems above, a trade-off of torque to speed is a 
limiting factor. High torque - high pressure hydraulic drives that can achieve the 
require torque would not be able to rotate the sample quickly enough, a hydraulic 
drive would also add additional demand to a power supply which is supplying the 
linear actuator (Section 2.4) and three fluid control intensifiers (Section 2.7 – 2.8)  
As discussed in Section 2.3 the rotary motion will be located at the top of the frame, therefore 
there is flexibility to change the type of rotary motion used to suit different experimental 
conditions. It was decided that two motor configurations would be used.  
 
Figure 2.5.1 – Large motor on top of the frame. 
The primary motor setup uses a Vascat motor (Figure 2.5.1), allowing us to achieve maximum 
torque (3673 Nm) and up to 681 RPM. It is powered by a 400 amp 3-phase supply and is 
controlled by a Powerflex 750 series unit, supplied by Rockwell Automation (Figure 2.5.4). 
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Due to the input power required, size and control this motor will not always be used. Many 
experiments can be carried out at much slower rotations, it would not be practical to use the 
primary motor for this. The secondary setup with a GM12 motor and customised gearbox 
(Figure 2.5.2) would be used for slow moving friction tests. This setup is mains supplied and 
controlled via a control box that interfaces with a servo-amplifier which supplies the required 
power to the motor Figure 2.5.5. The GM12 motor is coupled to a custom gearbox as shown 
in Figure 2.5.2. This gearbox decreases the rotations and increases the torque output of the 
GM12 motor. It has a maximum output slip speed of 0.5 mms-1 and can apply 21222 Nm 
torque on the sample.  
 
Figure 2.5.2 – Small motor setup and gear ratios.  
2.5.1 Variable Slip Speeds 
To calculate the maximum Revolutions Per Minute (RPM) required by the motor to achieve 
an equivalent slip speed (Ve) of 2 ms-1 the slip speed across the sample is needed. As the 
sample geometry is annular the circumference varies between the inner and outer edges of 
the sample, this will mean there is a variable slip speed across the sample from the inner 
radius to the outer radius (Han et al., 2007 - Supporting Online Material). The work done per 
unit time, W, can be used to calculate the Ve across the area of the sample A where the shear 





𝑊 = 𝑉𝑒𝜏𝐴 (29) 
W = work done 
Ve = equivalent slip velocity = 2 ms-1 
𝜏 = shear stress 
A = area of sample = π(r22 – r12)  
We can find individual expressions for W, 𝜏, and A which can be substituted into equation 
(29) and rearranged to find Ve.  
As previously stated, the shear stress varies across the sample as a function of the radius. At 
any given circumference (2πr) the shear force and equivalent slip velocity can be calculated. 
The integral expression can be used to find the infinitesimally thin annulus with an area, dA, 
which has an infinitesimally thin width, dr, 
𝑑𝐴 = 2𝜋𝑟 𝑑𝑟 (30) 
This equation (30) can also be used to calculate the exact area by integrating for any two radii 
r1 and r2,  






If the shear stress (𝜏) is typically shear force divided by the area then the shear force F is 
𝐹 = 𝜏 𝑑𝐴 (32) 
As we know dA we can write, 
𝐹 = 𝜏 2𝜋𝑟 𝑑𝑟  (33) 
The torque T is a constant, it is force F multiplied by the perpendicular distance r to the 
sample from the axis of rotation.  
𝑇 = 𝐹𝑟 = ∫ 𝜏 2𝜋𝑟2 𝑑𝑟
𝑟2
𝑟1
  (34) 






3)  (35) 









   (36) 
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In equation 29 we have an expression for shear stress (36) and area (31) so we can now find 
an expression for W, 
𝑑𝑊 = 𝑉 𝜏 𝑑𝐴 = (2𝜋𝑟𝑅)𝜏 (2𝜋𝑟 𝑑𝑟) = 4𝜋2𝑅 𝜏 𝑟2 𝑑𝑟 (37) 
Where R is the rotation rate in revolutions per second, integrating to find W across the whole 
sample rather than a known single radius we get,  
𝑊 = ∫ 𝑑𝑊 = ∫ 4𝜋2𝑅 𝜏 𝑟2 𝑑𝑟
𝑟2
𝑟1







3)  (39) 
There is now an expression for each of the values required to solve for equation (29) - area 


























  (41) 
 



















𝑅 = 11.543 revolutions per second 
 
11.543 x 60 = 692 RPM 
692 is the maximum RPM that the motor will be required to achieve in order to rotate the 
sample at an equivalent slip velocity of 2 ms-1. Figure 2.5.3 shows that the motor purchased 
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can achieve over 1000 RPM however there is a drop of torque output from the motor 
above 700 RPM.  
 
Figure 2.5.3 - Torque versus RPM Diagram (Graph supplied by Vascat Motor Company).  
2.5.2 Required Torque 
A maximum shear stress of 200 MPa is required, although the majority of tests will be 
completed with a lower shear stress than this value. To calculate the required torque from 











𝜋 200000000(0.0303 − 0.0253) 
 
𝑇 = 4762.65 Nm 
 
For both setups there is a balance to be achieved between the rotation and torque. The 
maximum torque and RPM can only be achieved in short bursts when you peak the power 










Max RPM 681  0.18 
Max Slip Rate (m.s-1) 2  .005 
Min RPM 10  0.00006  
Min Slip Displacement (µm.s-1) 500  0.00165 
Max Torque (kN.m) 3.673  21.222 
Table 2.5.1 – Two motor setup comparisons table 
 
 
Figure 2.5.4 - Powerflex controller and four female electrical connectors for the large motor.  
The drive coupling is identical on the large motor and small motor, photograph seen in Figure 
2.5.6. It consists of a 95 mm diameter shaft and a single 25 mm x 25 mm x 150 mm keyway. 
This then slides into the T Piston part which drives the Top Sample holder. A cross sectional 




Figure 2.5.5 - (A) Control box for small motor setup.  (B) Inside top-down view. 
 




2.5.3 Concentricity of rotation 
To achieve repeatable concentricity, when the different motor setups are being used and 
when the column is disassembled/reassembled after each experiment, a coned angled 
surface was machined into the Top Sample holder and the T-Piston which can be seen in 
Figure 2.1.7 and Figure 2.5.7. As the T-piston is lowered into place, the drive tags are aligned 
and the coned surface mates the two pieces together. As the entire sample assembly is 
loaded up at the beginning of an experiment the coned surface ensures the top section of 
the sample assembly remains inline, this works in tandem with the SKF thrust bearing to keep 
the axis of rotation consistent during experiments. 
 
Figure 2.5.7 - Cross Section Parametric drawing of the Motor Mount Gear box assembly, coupled to the T Piston 
part and Top Sample holder. 
Glyd rings (BWR01) were installed in tight tolerance areas such as between the rotating top 
sample holder and the top nut so help prevent metal to metal contact of rotating surfaces 
(Figure 2.5.8). Glyd rings (sometimes referred to as guide rings) are used in reciprocating 
pistons and rods in hydraulic cylinders to prevent contact. The design of the components 
should mean these Glyd rings are not needed but they will provide a small amount of 









One of the unique features of this apparatus is the ability to rotate the sample at varying 
speeds and torques during confined experiments. Accurate measurement of this torque is 
therefore crucial. This information will feedback into the servo-control system as well as 
measure the evolving friction properties of the sample.  
There are two independent measures of the torque applied to the sample:  an internal torque 
coupling that measures the torque via a strain gauge adhered to the internal bore of the 
torque coupling; or external load cells attached to reacting ‘arms’ located below the middle 
plate of the frame that prevent rotation and measure load. These arms are coupled to the 
piston which are connected through the torque coupling via spline fittings to the bottom 
sample holder.  
 




The components shown in Figure 2.6.1 show how the bottom sample assembly is coupled to 
the main loading piston through the torque coupling via spline fittings at each end. During an 
experiment the top sample holder will be rotating and through friction of the sample the 
bottom sample holder will be subjected to a rotational force, however the bottom section 
will provide resistance and rigidity through the spline fittings, the square drive and the 
external torque system (Figure 2.6.5). Therefore, there will be an elastic torsion stress 
exerted on the torque coupling. Strain gauges are attached to the internal bore of this piece 
to record this elastic torsion. These strain gauges subjected to confining pressure have 
anecdotally shown some non-linear effects in other laboratories and, in our case, would need 
to operate in a pressurized water environment. Given these considerations, we designed the 
torque coupling to operate at atmospheric pressure, with the wiring for the strain gauge fed 
out through the hollow piston illustrated in Figure 2.6.1. O-rings are used on the torque plug 
and bottom piston to prevent pressurisation from the confining fluid. 
2.6.1 Torque coupling yield and shear measurements 
The torque coupling, a hollow cylinder with confining pressure applied to the exterior, was 
designed to withstand the confining pressure and shear stress, while being as slender as 
possible to maximize the strain when loaded to achieve the best resolution from the internal 
torque cell. This posed a design challenge to get a balance between a safe component that 
would not fail and a component that would elastically twist while under strain. Before looking 
at the sensitivity of the component (Section 2.6.2) the values at which the component might 
fail are calculated.  
 
Yield Pressure calculations 
The yield stress (σy) for an external pressure on a thick-walled vessel will be determined by a 
critical value of the differential stress, calculated by subtracting hoop stress (σh) from the 
radial stress (σr), 
 
𝜎𝑦 =  (𝜎𝑟 − 𝜎ℎ)  (43) 
 
Lamé’s equations (Section 2.2.2) can once again be used to calculate σr and σh in equations 
(4) and (5). A and B can be determined using appropriate boundary conditions. For an 
external pressure the P at R1 will be 0 (Figure 2.6.2). This is the opposite problem we see in 
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Section 2.2 on the pressure vessel as the torque coupling essentially acts as an inverse 
pressure vessel. The pressure at R2 will be any given value of pressure, however this will act 
as a negative compressional force on the vessel. 
 
Figure 2.6.2 – Externally applied pressure on a thick-walled vessel 
Hence the boundary conditions for radial stress are constrained,  
Where   r = R1  𝜎𝑟  = 0 
Where   r = R2  𝜎𝑟  = - 𝑃𝑒𝑥𝑡 
Using the above boundary conditions, we can solve for A and B, using equations (4) and (5), 
0 = 𝐴 −
𝐵
𝑅1




𝐴 =  
𝐵
𝑅1


















2     (45) 
Substituting the values for A and B into (4) and (5) to solve separately for the radial stress 
and hoop stress.  
  
After solving for σr and σh we can subtract the 
hoop stress from the radial stress to solve for the differential stress σy. 
𝜎𝑟 = 𝐴 −
𝐵
𝑟2
   (4) 
 










𝜎ℎ = 𝐴 +
𝐵
𝑟2
   (5) 
 













𝜎𝑦 =  (𝜎𝑟 − 𝜎ℎ)  (43) 




























)   (46) 
 
The largest yield stress will occur where the pressure is at its highest. In this case the largest 
value of P is seen at the OD of the vessel, 𝑅2.  
If the ratio of is typically written as 𝑘 =
𝑅2
𝑅1

































− 𝜎𝑦) = P 
 
The Yield Pressure equation for an externally applied pressure is: 
𝑃𝑦 𝐸𝑥𝑡 =  𝜎𝑦(
𝑘2−1
2
)    (47) 
 
Shear Stress on Torque Coupling  
The torque coupling component will undergo a twisting motion as the torque will be 
transferred from the top sample holder, through the sample to the bottom sample assembly 
components. The bottom components of the sample assembly are fixed and do not rotate. 
The torque coupling component was designed with as thin a wall as possible in the centre to 
localise twisting to this specific area. This stress can be calculated using the simple theory of 
torsion equation (Bolton, 2013).  
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   (48) 
 
Where;  
T = Maximum External Torque by Motor 
J = Polar second moment of area. = 
𝜋
32
 (𝐷4 − 𝑑4) 
D = External diameter 
d = Internal diameter 




τ = Max Shear Stress 
G = Shear modulus 
ϴ = Angle of twist in radians 
L = Length 
To calculate the maximum shear stress τ  
 
            𝜏 =
𝑇𝑅
𝐽




By combining the yield pressure (Equation 47) and shear stress (Equation 49) calculations and 
assuming max torque would be applied, it was decided that the wall thickness of the torque 
coupling could be reduced. Reducing the outside diameter would increase the sensitivity of 
the torque cell as it would increase the amount of elastic distortion of this component during 
an experiment, resulting in a larger voltage output from the strain gauge adhered to the 
internal bore.  
Figure 2.6.3 shows a plot of yield pressure and shear stress against wall ratio. As the wall 
ratio increases the maximum shear stress goes down, meaning it requires more torque to 
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shear the torque coupling to the same shear strain. A thicker wall ratio provides more 
rigidity, a thinner wall ratio would mean more elastic strain on the component. The wall ratio 
was reduced from 2.69 to 2 for the central portion of the component (Figure 2.6.4) to make 
it more sensitive. 
 
Figure 2.6.3 - Yield Pressure (MPa) and Shear Stress (MPa) in relation to the Wall Ratio of the internal Torque 
Cell. Dashed red line indicates new and old wall ratio. 
The torque cell was reduced from a 70 mm external diameter to a 52 mm diameter. This can 
be seen in Figure 2.6.4.  
The new wall ratio is 
52
26
 = 2 
The new yield pressure on the part would be 2068 MPa at 200 MPa of confining pressure. 
The material has a yield strength of 1379 MPa (Table 2.1.1). This means that the factor of 
safety for this part is  
2068
1379
 = 1.5  
The new maximum shear stress acting across the torque cell is 115 MPa with 3000 Nm 





Figure 2.6.4 – Old and new designs for the torque coupling 
2.6.3 External torque 
The design of the external torque system was suggested by Graham Saw of Servo Technique 
International Ltd. (Figure 2.6.6). The system prevents rotation of the bottom piston providing 
rigidity to the central column while also providing torque load feedback via two 10 kN 
Applied Measurements DSCC load cells.  A design consideration for this component was that 
it must be able to accommodate up to 20 mm of linear vertical motion from the linear 
actuator. The rod ends facilitate the linear movement of the bottom piston during loading 
and unloading.   
The bottom piston is clamped on either side by square drive torque arms. These arms are 
connected to a steel bar via a rod end. The bar is coupled directly into the load cell which has 





Figure 2.6.5 - Photograph Creo Parametric trimetric drawing of external torque system 
Care must be taken before an experiment to pre-load the load cells, by screwing the steel 
bars into the load cells. Within the system there are four rod ends, two rod ends are standard 
thread and two rod ends are reversed threads. One reverse thread rod end is used on 
opposing sides of the square section. These reverse thread ends allow the system to 
be torqued before an experiment is started. Each load cell should read 5 kN (½ the total 
range). By pre-loading the system the slack is removed and the load cells can detect load in 
either clockwise or anti-clockwise sample rotation.  Should one side be preloaded more than 
the other, the piston could be pulled or tilted to one side, taking it off centre to the rotational 
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axis. This is undesirable and should be avoided, for the best results pre-loading should be 
done evenly on both sides with extra attention on the position of the piston.  
 
 




 Confining Pressure System 
 
The confining pressure system is comprised of a confining medium Mocal reservoir, a 
Southern California SC 10-6 air driven priming pump, 1/4" inch high pressure pipework, a 
hydraulic controlled intensifier (Figure 2.7.2), pressure transducer, control valves and the 
pressure vessel. These components work together (Figure 2.7.4) to prime the system with 
deionised water, control the pressure during the experiment and to return the fluid back to 
the reservoir post experiment (Figure 2.7.1).  
H2O in Reservoir 
↓ 
Air Driven Pump  
 ↓            ↘ 
                              Vessel      ↔     Intensifier 
↓ 
Dump/Return to reservoir 
Figure 2.7.1 – Flow of fluid.  
Deionised water is used as the confining medium and pumped from the reservoir to the 
vessel via the 10 MPa air driven ‘SC’ pump, referred to as the priming pump. The confining 
pressure is measured by an RDP Electronics Ltd. TJE-type transducer. During an experiment 
the pressure is controlled to a maximum pressure of 200 MPa by a hydraulic intensifier, 
supplied by Servo Solutions. The 40 cc intensifier uses a hydraulic inlet pressure of 20 MPa to 
achieve a water outlet pressure of up to 200 MPa. The primary use of the hydraulic intensifier 
is to control the experimental pressure to a desired value and to compensate for pressure 





Figure 2.7.2 - 40cc Hydraulic Servo Controlled Intensifier. 
Figure 2.7.4 shows a basic plumbing and instrumentation diagram that demonstrates the key 
components used when pressurising and controlling the confining pressure during an 
experiment. To pressurise the system Valve 1 is closed preventing flow back to the reservoir. 
Valve 2 is opened to allow the flow of pressurised H2O into the vessel and control pump. 
Once the system is brought to the desired pressure valve 2 can be shut to isolate the priming 
pump from the rest of the confining pressure system. The pressure within the vessel is then 
controlled by the hydraulic intensifier. After the sample is lowered into place a small amount 
of confining fluid can be poured into the vessel by hand before the top nut is lowered into 
place, this reduces the amount of fluid the SC priming pump must pump into the system, 
saving time and effort.  
When an experiment is finished, both valves are opened allowing the pressure to be 
‘dumped’ from the system. This involves allowing the pressurised water to return to the 




Figure 2.7.3 – Confining fluid draining system.  
The fluid within the vessel can equilibrate with atmospheric pressure, leaving water trapped 
inside the vessel. To remove this water a small amount of pressurised air (up to 10 Bar) is 
flowed through the air inlet pipe (Figure 2.7.3) to the top of the confining pressure space, 
this forces the water out and all fluid returns to the reservoir. The air inlet pipe is a 1/8” inch 





Figure 2.7.4 - Basic user piping and instrumentation diagram for the confining pressure system.  
2.7.1 Control and feedback 
The volume of pressurized fluid inside the intensifier is monitored by a linear variable 
differential transformer (LVDT) attached directly to the piston of the intensifier. A pressure 
transducer TJE-type is also attached to the control pump. Signals from the LVDT and TJE 
pressure transducer are relayed back to the control computer (PC) from which the output 
pressures going into the vessel can be controlled (Figure 2.7.5). Working Set Points (WSPs) 
as digital outputs from the PC are sent to Servo Solution electronic switch box (referred to as 
node boxes), which then goes to the solenoid control manifold (SCM). The SCM controls the 
flow of fluid to the intensifier from hydraulic power pack, therefore controlling the amount 





Figure 2.7.5 – Schematic diagram of control system. 
 
 Pore Pressure System 
The pore pressure system is comprised of multiple components including a Nova Swiss 200 
MPa high pressure priming pump, 1/4” high pressure pipework, two hydraulic controlled 
intensifiers supplied by Servo Solutions, control valves, pressure transducers and 1/8” thin 
bore pipework. The pore fluid used is deionised water, which is the same as the confining 
medium to prevent any cross-contamination between the confining and pore pressure 
systems should the seals fail during an experiment at high velocity. The pore pressure system 
is split into an upstream and downstream system, which flow into the sample from the top 
and the bottom respectively (red = upstream, blue = downstream in Figure 2.8.1). They can 
be controlled independently or together depending on experimental requirements. This 
allows for the possibility of permeability measurements across the layer of fault gouge 




Figure 2.8.1 – Upstream and Downstream pore pressure (Pp) flow towards sample. Red = upstream Pp. Blue = 
downstream Pp. Pc donates confining pressure.  
Deionised water is pumped into the system and pressurized by the priming pump. Before the 
pressurized fluid from the priming pump reaches the sample assembly the pipework is split 
by a T-section connection into the upstream and downstream reservoirs which can be 
isolated from each other using valves 3 and 4 (Figure 2.8.3). During an experiment the pore-
fluid pressure is controlled by two 40 cc hydraulic intensifiers, one connected to the upstream 
reservoir and the other to the downstream reservoir. The intensifiers (Figure 2.7.2) have a 
hydraulic inlet pressure of 20 MPa and an outlet pressure of 200 MPa. The control valves can 
allow or prevent fluid flow towards the upstream and downstream ends of the sample. LVDTs 
attached to the pistons of each intensifier monitor the volume of fluid within them. The 
intensifiers will respond to any changes in pore volume due to compaction or dilation within 
the sample. Therefore, by monitoring the positions of the intensifier pistons, the relative pore 
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volume evolution of the sample can be tracked during an experiment to a resolution of 0.1 
mm3. As the upstream and downstream reservoirs can be isolated from each other so that 
they are only connected through the sample itself, different pressures can be applied to each 
end of the sample. This is useful as a pressure gradient can be imposed across the sample 
which provides the opportunity to measure the permeability via different methods, such as 
the transient pulse decay method (Brace et al., 1968) and the pore pressure oscillation 
technique (Kranz et al., 1990).   
 
Figure 2.8.2 - Upstream and Downstream 40cc Hydraulic Servo Controlled Intensifiers.  
Feedback from the intensifier displacement transducers and TJE-type pressure transducers 
are relayed back to the control PC from which the upstream and downstream pressures can 
be independently controlled (Figure 2.7.4), this figure shows a basic piping and 
instrumentation diagram demonstrating the key components used when pressurising and 























3 Safety, Commissioning and Calibration 
This chapter covers the safety aspects unique to this apparatus, the initial tests and tuning of 
the control components.  
 
 Safety Procedures and Working Practices  
The safety of equipment operators and other laboratory users is of paramount importance 
when doing any experimental, development or maintenance work. Before partaking in any 
work on or around potentially hazardous equipment all persons must first familiarise 
themselves with the relevant risk assessments, emergency procedure and apparatus 
documentation. 
3.1.1 Vessel Safety 
Vessel failure presents one of the biggest risks to the user. Failure of the monobloc vessel 
made from 17-4 stainless steel could cause vessel fragments to become projectiles. To 
mitigate this risk calculations shown in Section 2.2 show that at the maximum working 
pressure (200 MPa) the vessel will have a factor of safety of 3.4 against the yield pressure, 
approx. 685 MPa. The user is also protected while working at pressure by 6 mm mild steel 
plates (Figure 3.1.1) bolted to the frame walls before the apparatus is pressurised. The 
thickness of these plates was replicated from the shielding plates currently used in the 
University of Liverpool Rock Deformation Laboratory which have been designed using the 
High Pressure Safety Code – Chapter 6 (Saville & Cox, 1977). The steel plates are designed to 
be thick enough to contain any debris or fragments that might occur if the vessel fails.   
In order to guard against unexpected failure a visual inspection of the vessel is to be carried 
out to look for cracks, corrosion or damage whenever the vessel is removed from the 
apparatus or within a two-year timeline from its previous inspection. Any damage or areas 
of concern should be repaired with consultation from the laboratory technician and 
laboratory lead.  
It is very likely that the rotary seals will fail during an experiment (Section 2.1). For this reason 
a pressure relief cross-bore bleed hole was drilled into the vessel (Figure 2.7.3). Should the 
rotary seals or top O-rings fail pressure could build up on larger cross sectional surface areas 
97 
 
of the top nut or t-piston, putting the holding nuts under greater stress than they were 
designed to take. This bleed hole removes this risk. With high pressure fluid escaping through 
a small hole there is a risk to the user, so a threaded hole was created to fit a piece of pipe 
allowing the control of fluid flow.   
 
Figure 3.1.1 – Mild Steel plates bolted onto the frame while the vessel is at pressure 
3.1.2 Electrical Hazards 
A 400 Amp 3-phase power supply is installed to run the large motor (Section 2.5). Capacitors 
within the Rockwell Automation Ltd charge up and supply the motor with the power output 
set by the user. Capacitors can degrade when there is no supply of current for long periods 
of time. Should the power supply be switched off for more than one month the capacitors 
(part number 20G1AGC456JN0NNNNN) must be re-charged in accordance with guidelines 
supplied by the manufacturer. The Powerflex series 700 unit (Figure 2.5.4) should be 
powered for a minimum of one hour and left to rest for twenty-four hours if the unit is 
disconnected for longer than one month. This allows the capacitors to reform.  
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Four cables from the motor are connected to the cable bank before the motor can be used. 
These cables should be carefully connected and checked before the power is turned on. The 
cables present a tripping risk while the motor is being stored.  
The hydraulic power pack and power pack chiller are powered by separate 3-phase power 
supplies. These must be switched on before an experiment and isolated after the experiment 
is finished.  
 
 Risk Assessments 
 
As covered in Section 3.1 there are many potential risks to the user associated with this 
apparatus. Risk assessments, however, must also account for other factors which could be 
impact on the user’s ability to safely carry out maintenance or experiments.  
The risk assessment for the confined high velocity rotary shear apparatus is based on the 
University of Liverpool Health and Safety Management Profile (HASMAP) template. It is 
based on a Risk Likelihood versus Consequences matrix to calculate required action based on 
the severity of the resulting number associated to a risk.  
With regards to any risk associated with this apparatus or the surrounding area a practical 
approach must be taken to plan appropriately any tasks to be completed. Tasks must be 
carried out effectively and safely, the user must act if any errors are spotted.  
The risk assessment for the High Velocity Rotary Shear Apparatus can be found in this section. 
It must be read by any staff, student or visitor to the area. Any amendments to the risk 
assessment must be approved by the school safety officer and the laboratory lead. 
Amendments are likely to be made at any time, the risk assessment below is the latest at the 







RISK ASSESSMENT FORM 
School/Department: Environmental Science Building: Harrison Hughes Basement 
Task: General Risk Assessment for the High Velocity Rotary Shear Apparatus 
 
Persons who can be adversely affected by the activity: All Users. Staff, Students, Researchers and Visitors 
 
 
Section 1: Is there potential for one or more of the issues below to lead to injury/ill health (tick relevant boxes)  
People and animals/Behaviour hazards 
Allergies  Too few people x Horseplay x Repetitive action x Farm animals  
Disabilities x Too many people x Violence/aggression x Standing for long periods  Small animals  
Poor training x Non-employees x Stress x Fatigue x Physical size, strength, shape x 
Poor supervision x Illness/disease  Pregnancy/expectant mothers x Awkward body postures x Potential for human error x 
Lack of experience x Lack of insurance  Static body postures x Lack of or poor communication x Taking short cuts x 
Children  Rushing x Lack of mental ability  Language difficulties x Vulnerable adult group  
 
What controls measures are in place or need to be introduced to address the issues identified? 
Identified hazards  
 




ADDITIONAL CONTROLS REQUIRED 









Encourage safety of others during checklist 
 










Local work patterns to take account of smaller 























































Complete checklist and Risk assessment for 
equipment. Encourage precautions and 
questions if unsure 
 
 
Ask visitors to report to Technician and 
instruct not to use equipment or rigs. Inform 












Overworking, long hours. Users should plan 
breaks and time appropriately.  
 
Always possible. Encourage communal 








































Minimum/maximum numbers for safe working and to 
enable social distancing have been agreed within 
research groups. If there are multiple lab users on a 
rotation, the same people should work the same shift 
to reduce number of contacts. A list of users who will 
require access to the lab are:  






Only experienced users will be allowed to work on 
research activities in the first phase of recovery. 
Social distancing will make training of new 
laboratory techniques almost impossible. 
 
Contractors who need to go into laboratories will 
need to work to new agreed arrangements (need to 
be briefed prior to working in these buildings). 
Deliveries will be dropped off at a designed spot and 
designated staff appointed to handle/clean items. 
Staff will be asked not to have personal items sent to 
work. 
 
Re-occupation is likely to lead to stressful situations 
with potential conflict over rigid social distancing and 
other COVID-19 related rules and procedures. Any 
non-compliance to rules should be reported to the 
supervisor to be managed appropriately. Generic 
stress assessment in place that can be used to direct 






























































Get trained/retrained by competent user. 








Plan Time to prevent instances of short cuts or 





















COVID-19 rules will be new to all staff and they will 
have a lack of experience working under the new 
conditions. Specific plans for COVID-19 safe use of 
each research lab will be put in place by lab leads. All 
users will be briefed on this before access and regular 
update meetings with the lab lead will take place. 
Staff to be given opportunity to feedback on 
arrangements. Presentations and videos on COVID-19 
procedures specific to their building will be available. 
 
Local laboratory rules will take account of potential 
for rushing activities due to smaller staff numbers. 
User schedules should be planned carefully to allow 




Staff should be asked if they are comfortable 
travelling to and working on campus during the 
current conditions. Staff with caring/shielding 
responsibilities may have specific requirements to 
be accommodated.   
If staff become ill with the virus, they must self-
isolate, so must any of their colleagues they have 
been in contact with. Their specific lab will be will be 
closed down and deep cleaned. TBC if this will be 































Section 2: Common Workplace hazards. Is there potential for one or more of the issues below to lead to injury/ill health (tick 
relevant boxes)  
Fall from height X Poor lighting  Portable tools x Fire hazards x Chemicals x Asbestos  




 Vehicles  Biological agents  Explosives  
Slips, trips, falls X Poor space design x Lifting equipment x Radiation sources  Waste materials  Genetic modification 
work 
 
Manual handling X Poor welfare facilities  Pressure vessels x Lasers  Nanotechnology  Magnetic devices  
Display screen 
equipment 
X Electrical equipment  x Noise or vibration x Confined spaces  Gases x Extraction systems  
Temperature 
extremes 
x Sharps x Drones  Cryogenics  Legionella  Robotics  
Home working  Poor signage  Overseas work  Overnight 
experiments 
x Unusual events x Community visits  
Late/lone 
working 
1 Lack of/poor selection 
of PPE 
x Night work x Long hours x Weather extremes  Diving  
 
What controls measures are in place or need to be introduced to address the issues identified? 
Identified hazards  
 




ADDITIONAL CONTROLS REQUIRED 



















Training given with all tools if needed.  
 
PPE (shoes/gloves/glasses/hard hat), use 
lifting equipment. Get help from Technician 
 
Adequate training in different rooms with 






Adequate training by technician using blue 















Technician to check portable tools prior to 




Research groups have discussed with the 
lab leads best arrangement of labs, which 
when marked up with directional floor tape 



























































Instructed to go on Manual handling course 
during induction and checklist. Get 
Technicians help.  
 
Seek advice from Dan Faulkner, Gary Coughlan 
and Colin Grandison. Pat testing carried out 
throughout School in 2019 
 
 
PPE (ear plugs and ear defenders) when using 
gas or loud equipment 
 
PPE (Gloves) while using oven/furnace 
 
Take Care, don’t take risks, alert technician, 
sign out of hours book in foyer.  
 
 
Good housekeeping, keeping passageways 























Staff to check lifting equipment/pressure 







Possible that some items will be out of test. 
Until a retest can be organised, staff should 
be asked to undertake visual checks on 
equipment. If FAT (Fixed appliance testing) 
is possible to be carried out on large 








Limit overnight experiments where 




If tape, barriers and floor signs used as part 
of social distancing arrangements, these to 
be monitored on a regular basis for correct 
positioning and damage. 
 
Social distancing, hand washing and other 
COVID-19 related signage has been agreed 







































Waste such as paper towels tissues, 
disposable gloves and face coverings that 
could potentially be COVID-19 
contaminated should be kept within the lab 
in a bin, double bagged at the end of each 
day and kept for 72 hours before they can 
go into the normal waste stream. 
 
Prior to reopening, little used outlets to be 
flushed. This will be performed by FRCS in the 
first instance and then by a School technician 
before building is reopened. FFP3 grade masks 
should be worn when carrying this out initially, 
regular flushing will commence from then on. 
Section 3: Additional hazards: are there further hazards NOT IDENTIFIED ABOVE that need to be considered and what controls are in 
place or needed? (list below) 
Additional hazards  
 




ADDITIONAL CONTROLS REQUIRED 






















Training, correct storage, lab user vigilance. 
Assessment by technician on a daily basis.  
Clean area before/after use. Do not use 
hazardous substances near communal area. 
Lab users made aware personal liability 
during checklist.  
 





If capacitors do not hold a charge for longer 
than 1 month they should be recharged to 




























































































Double check lifting equipment before use. 
Check integrity of slings, lifting bolts and 
shackles for damage or cracks.  Get a 
second person to check any activity before 
commencement.  
 
However unlikely hydraulic failure can 
occur. No person so be in a position where 
failure results in injury. Use 4 steel bars to 




Pipework and cables represent trip hazards 
at all times. Can should be taken to tape 








































































Guidance documents available: 
Institutional Covid Risk assessments for various 
workplaces 
Institutional stress risk assessment 
Expectations document for use as part of pre-
occupation briefing 
General guidance on general health and safety 
related issues 
 
Area to prepare, deliver and undertake: 
This lab risk assessment put together by individual 
lab leads, with arrangements based on the above 
guidance. 
Pre-occupation briefings for staff and contractors. 
Regular monitoring. Breeches may lead to 
individuals being denied access or the research 
activity being stopped. 
 
Safety adviser’s Office to undertake regular 






























































Any activities which require 2 people within 
2m should be avoided where possible. Any 
activities such as maintenance or 
development should be discussed in 
advance with Technician or Lab Lead to 
determine viability. Masks and gloves are 
mandatory for any work where social 
distancing cannot be avoided. Consider also 
using a face shield.  Maximum occupancy 
should be adhered to at all times in the lab.  
Consider assigning tasks and tools so that 
commonly used items needed are not 
shared. Take regular breaks and wash your 
hands. You should avoid being closer 
than 2m for any longer than 15 minutes. 
Thoroughly clean area and tools 























Section 4: Emergency arrangements (List any additional controls that are required to deal with the potential emergency situation) 
Emergency situation Additional control required 
Vessel Failure Isolate Rig by turning off black boxes. If user injury has occurred remove 
any injured persons. Dump pressure 
Heavy Components swinging / falling Allow item to fully come to rest before occupying area.  
Injured person Seek help from First Aider, bring to hospital if needed. Secure area.  
NB – Emergency services may not be able to respond in good time so local 
arrangements to take this into account and good first aid provision to be 
provided. 
Cardiac Arrest Get Defibrillator + First Aider + Ambulance. Notify campus Security (Ext 
2222)  
First aid and CPR Occupational health has agreed protocol – will need gloves and masks for 
CPR 
Fire Need masks for evac chair users. If alarms sound, staff must put evacuation 
above COVID-19 rules until they get to the assembly point where social 
distancing rules will apply. 
 
Risk assessor (signature).......................................................Date..............   
Authorised by (signature).....................................................Date.............. 
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COMPLETING THE RISK ASSESSMENT FORM 
 School/Department – note down the School and/or Department where the task is 
being carried out 
 Building – note the specific building(s) where the task is being carried out 
 Task – specific clearly the task being carried out 
 People would could be adversely affected – think of all the people who could be 
affected by what you are doing 
 Hazards – tick all the relevant hazards in sections 1 and 2. If ticked you will need to 
log what controls are already in place to protect people from the hazard and what 
extra controls are required (if any) in the relevant control boxes. As part of the 
control measures you will need to decide  the level of risk based on the tables 
below. NB – it is likely that other hazards may exist that are not captured in 
sections 1 and 2. Section 3 should be used to capture any additional hazards and 
controls not listed in Sections 1 and 2. 
 Emergency procedures – list the basic procedures that need to be taken if a critical 
incident occurs 
 Signature – the people completing and approving the assessment must sign the 
relevant boxes at the end of the document 
 











5 5 10 15 20 25 
1 Very 
unlikely 
 1 Insignificant – no 
injury 
 4 4 8 12 16 20 
2 Unlikely  2 Minor – minor 
injuries needing 
first aid 
 3 3 6 9 12 15 
3 Fairly 
likely 
 3 Moderate – up to 
seven days 
absence 
 2 2 4 6 8 10 
4 Likely  4 Major – more 
than seven days 
absence; major 
injury 
 1 1 2 3 4 5 
5 Very likely  5 Catastrophic – 
death; multiple 
serious injury 
  1 2 3 4 5 
      Likelihood 
 
 Additional control required - list any additional control required that will reduce the 
risk rating score. Ensure responsibilities for tasks and timescales are added 
 Residual risk score – re-calculate the risk score after the introduction of the 
additional controls. Compare residual risk score with table below. Take further 
action if necessary. 
ACTION TO BE TAKEN 
1-4 Acceptable No further action but ensure controls are maintained 
5-9 Adequate Look to improve at next review. 
10-16 Tolerable Look to improve within specified timescale 




 Testing and First Data Sets 
 
In order to test the full functionality of this apparatus a systematic approach was taken to 
ensure the individual functions (e.g., axial load, rotary motion, confining pressure, pore-fluid 
pressure) were working singularly before building up to having them working together in 
tandem, e.g. before testing the top seal a test sample of 3 mm thick PTFE was prepared for 
all primary testing unless otherwise stated in this section. Many of these tests were separated 
in time by days, weeks or months. 
3.3.1 Testing without pressure vessel (unconfined testing) 
Axial load (Section 2.4) and rotary motion (Section 2.5) were the first systems that were 
tested. This was done first because the vessel could remain off the apparatus while these 
systems were tested and so the user could observe the loading of the sample assembly as 
well as the rotation (Figure 3.3.1). For this, the secondary (slow) motor setup (Section 2.5) 
was used as the speed of rotation was not critical and it was deemed that slow rotation would 
be safer for these initial tests.  
 
Figure 3.3.1 – PTFE sample assembled for initial loading and rotation 
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For unconfined tests the sample can be assembled within the frame while the top plate is in 
the up position. After the PTFE sample is assembled between the top and bottom sample 
holders, the top plate is lowered and the drive tags aligned with the top sample holder 
(Section 2.1). For these initial tests it was decided that the target axial load was to be very 
low (under 10 kN). A force limit of 15 kN was therefore set on control system of the rig 
computer (i.e., slightly higher than the target value) to ensure the system would safely shut 
down if there was a sudden unexpected spike in the axial load. The hydraulic power pack was 
enabled and the movement of the actuator was controlled via displacement control. Here it 
was noted that the actuator was overshooting the set point after the load spiked to 15 kN 
and the system shut down. To combat this overshoot and to gain better control of the 
actuator, the PID parameters (Proportional gain, Integral gain, and Derivative gain) (Section 
3.4) values were tuned to give a smoother movement by lengthening the integral time at 
which the actuator took to reach the set point. Once the sample was loaded to 10 kN the 
rotary motor control box was activated. Using manual control in the slow setting the motor 
and gearbox were engaged and the top sample assembly began to rotate at 1 mms-1. Repeat 
tests were carried out at varying loads (between 5 and 15 kN) and speeds (between 0.5 and 
1.5 mms-1). During this initial testing it was also noted that while automatically controlling 
the rotation via the pulsar system, the sample would rotate two full revolutions and stop, 
even when the target rotational displacement was greater than two rotations. This limitation 
issue was caused by a coding error in the servo solutions software and after consultation with 
the company this issue was resolved.  
3.3.2 Pressurized testing (confined testing) 
After testing the axial load and rotary systems in the unconfined state, the next step was to 
repeat the tests under elevated confining pressure. To do this the vessel (Section 2.2) had to 
be installed in the rig so that the confining pressure could be applied (Section 2.7). With the 
vessel in place, deionised water was added to the vessel before the top nut was bolted into 
place. Once the top nut is secured, the top plate is lowered and drive tags engaged. Minor 
leaks were detected and resolved by tightening up the high pressure connections (Figure 
2.1.3). The vessel was pressurised to 15 MPa and an axial load of 10 kN was applied to the 
sample. The sample was then rotated, however after approximately 45-60 degrees of 





Figure 3.3.2 - Preliminary calibration tests on the new rotary shear apparatus at confining pressure, using an 
annular disk of PTFE as the sample. Slip occurs between the PTFE sample and the steel annular piston. The 
friction coefficient for PTFE derived from these data shows excellent agreement with published values.  
It was discovered that the motor had safely cut out due to a current overload. During removal 
of the sample at the end of the test it was determined that the reason for this was because 
the top sample assembly and the top nut had come into contact while rotating, damaging 
both components. The tight tolerance of these two pieces meant that the damage had 
significantly increased as the surfaces came into contact. This led to an increase in the torque 
required for rotation leading to a current limit overload and the subsequent cut out of the 
motor. Damage to the top sample holder as a result of this contact damage can be seen in 




Figure 3.3.3 – Surface contact damage on top sample holder 
This event required a rethink around the experimental procedure so that the same issue did 
not reoccur. The damaged components also needed to be repaired. The damaged areas were 
machined and chrome plated to replace material lost. Ideally, one piece would be chrome 
plated and harder than the other piece but this could not happen with these pieces due to 
the loss of material when the damaged areas were machined.  
Once the top sample holder was fixed the final system to test was the pore-fluid pressure 
system (Section 2.8). Therefore, a confined test was set up using a quartz sand sample instead 
of PTFE, as the quartz sand is porous and would therefore allow the pore-fluid to permeate 
into the sample. As a sand sample was used, the sealing arrangement described in Section 
2.1 was positioned around the sample to ensure the confining pressure and pore-fluid 
pressures were isolated from each other during the test. After the confining pressure was 
applied to the sample (approx. 20 MPa), the pore-fluid pressure was increased to 8 MPa. It 
was noted that, without confining pressure and pore pressure control, the seals prevented 
cross contamination and there was no pressure equilibrium between the pore and confining 
fluids (Figure 3.3.4). The sample was rotated at slow slip speed (1 mms-1) and the integrity of 
the seals were upheld. The slight increase in the pore-fluid pressure seen in this experiment 
is likely due to the compaction of quartz sand sample during shear. 
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While these initial tests proved to be exciting, a clear picture was being formed that much 
more work was needed before the apparatus was fully functional. Control of systems, logging 
of data and tuning of parameters would all need to be improved to allow the apparatus to 
reach its full potential.  
 
Figure 3.3.4 - Evolution confining and pore-fluid pressure during rotation of a quartz sand sample at 1 mms-1. 
The differential between the two pressures is maintained during rotation of the sample showing that the 
integrity of the seals upheld. 
3.3.3 Calibrating the torque system 
Each torque arm on the external torque system has its own 10 kN load cell (Section 2.6 – 
Figure 2.6.5). During the initial tests the load cells were giving conflicting readings, and 
sometimes did not revert back to the same start point or zero. This problem was resolved by 
pre-torqueing the load cells to 5 kN. This needed to be done on each side simultaneously as 
not to drag the piston off centre (Section 2.6.3).  Once the load cells were responding 
identically they were calibrated by hanging known weights to the end of a pulley system. Two 
opposing one meter long bars were connected to the bottom sample holder, a cable was 
attached to the bars and weights were placed at the end of the cable via a pulley wheel 
connected to an offset point in line with the frame (Figure 3.3.5). Weights were placed on 
both sides, 5 kg at a time, for a combined starting weight of 10 kg. Each time 10 kg was added 
to the system the force reading from both the load cells and the internal strain gauge voltage 
were noted. Readings were taken for 0, 10, 20, 30, 40 and 50 kg’s and at each weight 
returning back down to zero. This cycle was repeated two times for consistency. The external 
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load cells were zeroed and the internal strain gauge voltage was calibrated using the known 
weights and compared with the load cells. It was noted that the strain gauge signal was quite 
noisy and the noise corresponded to approximate intermittent fluctuations of 1-2 Nm, which 
is not acceptable. The strain gauges were wired up to a RDP 611 SG amplifier and the 
calibration was repeated. The noise level reduced with the 611 SG amplifier and a fault was 
traced to a servo solutions amplifier card, which was sent away for replacement.   
 
Figure 3.3.5 – Torque calibration system 
3.3.4 Concentricity of rotating components 
During inspection of the rotary system after the contact damage incident, it was noted that 
the top sample holder sometimes rotated unevenly depending on which combination of 
drive tags were engaged. Using a dial test indicator (Figure 3.3.6) on the sealing surface of 
the top sample holder and t-piston shoulder during unconfined rotation, a preferable drive 




Figure 3.3.6 – Dial Test Indicator being used to check the concentricity of the T-Piston 
The graph shown in Figure 3.3.7 shows drive tag combination labelled 2 has the lowest 
oscillating wave form during rotation. The deviation of tags 1, 3 and 4 were too great and 
unreliable under repeated oscillation tests. When using the combination labelled drive tag 2 
(blue line in graph Figure 3.3.7) it was deemed sufficient to ensure that the components 
would not come into contact again in future experiments. A cross bore was machined into 
the pressure vessel so a long stemmed DTI could measure the oscillation of the T-Piston 
during rotation while the vessel was in place. Figure 3.3.6 shows these components without 





Figure 3.3.7 – Graph of oscillations of T-Piston and Top sample holder when 4 different drive tags are engaged 
 
 Tuning of motors, actuator and intensifiers  
 
To control the various parameters involved in an experiment (i.e., axial load, rotation, 
confining pressure and pore-fluid pressure) the rig uses a servocontrol system. In this setup 
input signals from the transducers and LVDTs are sent to control computer where they are 
compared by servo loops to the desired working set points (WSP) inputted by the user. If the 
input signal does not match the WSP, an output signal is sent to the actuators (i.e., hydraulic 
pumps or rotary motor) that control each individual parameter. The actuator then adjusts to 
restore the value of a given parameter to the same as the inputted WSP. This type of control 
is commonly known as closed loop (Figure 3.4.1).  
In simple terms, taking the motor as an example, the user will input a WSP for speed to the 
control computer. Power will be sent to the motor to rotate at that speed. If the motor is 
spinning faster or slower than the WSP, the feedback will communicate with the computer 































24 Degree interval points
Concentricity of T-Piston and Top Sample Holder
Tag 1 - SA Tag 1 - T Tag 2 - SA Tag 2 - T
Tag 3 - SA Tag 3 - T  Tag 4 - SA Tag 4 - T
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To get the best out of these control loops they can be tuned. Optimising the system so that 
the user is in control of experimental processes is fundamental to the success of this 
apparatus. There are different types of tuning methods that can be used in servocontrol 
systems: 
i) Fuzzy logic, where the feedback from a process can be assigned a value of 0 
(completely false) or a value of 1 (completely true) to control the system. The 
motor or actuator feedback sensor would return a value to the computer which 
then interprets the value as true (meeting the WSP) or false (missing the WSP). 
Fuzzy logic has been used to control complex systems were the probability and 
possibility of a value being true or false is unknown (Zadeh, 1978).  
 
ii) PID (Proportional-Integral-Derivative) controller logic, where control is based on 
the difference between the WSP and the measured value. It can be tuned using 
relatively simple rules depending on feedback and the desired output of the 
process (Åström & Murray, 2021; Ziegler & Nichols, 1942).  
The control used in the Powerflex 750 controller (Section 2.5) and the Pulsar system (Section 
2.4) utilises a PID system to tune the response of the actuators. 
 
 
Figure 3.4.1 – Closed loop block diagram 
In a PID system the WSP is defined by the user, the process variable is measured by a 
transducer in the case of the intensifiers and an encoder in the case of a motor.  
𝑒(𝑡) = 𝑊𝑆𝑃 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒  (50) 
e(t) = error or difference 
WSP = Work Set Point defined by user 
Process Variable = Value of force or pressure feedback measurement 
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Should the system detect a difference e(t) between the WSP and the measured output then 
a correction will be made based on the proportional, integral and derivative terms. 
Proportional (Kp) determines the ratio of output to the error signal e(t). Integral (Ki) sums the 
error term over time. Derivative (Kd) will reduce the output if they process variable increases 
rapidly. Just how much control is needed is heavily dependent on the process required. 
Equation 51 can be used to calculate the output if the PID values are known. 






u(t) = Output 
Kp = proportional gain 
Ki = integral gain 
Kd = derivate gain 
e(t) = error or difference (50) 
t = is the variable of integration from 0 to t 
 
As PID control can be tuned in a relatively straightforward manner, the control can be worked 
out by trading one characteristic of control for another to better meet the desired output. 
However, with fast acting hydraulic control, it is not desirable to control via trial and error as 
the system could quickly become unstable and dangerous due to overshooting the set point 
and rapid response of the actuators.  
The Ziegler-Nichols method of control is a widely used tuning process (Åström & Hägglund, 
2004; Ziegler & Nichols, 1942). In one example of utilising the Ziegler-Nichols method, I and 
D are set to zero and P is increased until the control loop begins to oscillate. At this point the 
critical gain (Kc) and the period of oscillation (Pc) are noted down. P, I and D can then be 








Control Kp Ki Kd 
P 0.5 Kc - - 
PI 0.45 Kc 
1
1.2
 Pc - 
PID 0.6 Kc 0.5 Pc 0.125 Pc 
Table 3.4.1 - Gain estimator table for use with the Zieglar-Nichols oscillation method. (Reference - National 
Instruments website) 
There is an important relationship with between all three PID parameters. The oscillation 
method mentioned will always need to be fine-tuned to suit the user and the experiment 
characteristics.  
3.4.1 Tuning in practice 
As alluded to in Section 3.3, during initial testing it was noticed that the axial load actuator 
was reaching a higher load than the WSP. This caused a software limit to trip the power to 
the hydraulic power pack. After investigation it was noted that the power pack was supplying 
a large amount of hydraulic fluid to the actuator in a short space of time, causing an 
overshoot of the value required. This overshoot is undesirable from a safety perspective as 
well as from an experimental standpoint. The sample should not be loaded higher than the 
required value of a test. To fix this issue the PID was altered to tune the actuator to respond 
in a more controlled manner. The time (integral gain) at which the actuator needed to reach 
its WSP was lengthened, and the amount of power (proportional gain) being used by the 
system to reach its WSP was lowered. After altering the PID settings, the actuator did not 
overshoot the WSP and better control during loading was achieved.  
This is one example of tuning where fast response isn’t necessary. Different tuning might be 
needed when a fast-acting response is required, such as during experiments where 
compaction of the sample requires a rapid response from the pore-fluid pressure actuator.  
The user has the option to tune the system to achieve the desired response in future 
experiments, which may be particularly important for fast rotating experiments. The entire 
system is designed to be flexible and when combined with good tuning can deal with the 
many possible experimental challenges. PID control is flexible and simple to meet all 




 Maintenance and Cleaning 
 
Maintaining and cleaning the apparatus regularly will prolong the life of many components, 
as well as mitigating safety issues due to neglect, and providing an overall cleaner and 
satisfactory environment with which to work in. The onus is on the users to be the first line 
of defence against avoidable issues that may cause down time of the apparatus, or 
potentially even failure. Maintenance schedules should be used for hard wearing and critical 
components.  
Visual inspections must be carried out on rotating seals and sealing surfaces before and after 
experiments so the user is confident the integrity of the seals will hold for the duration of the 
experiment.  
Vessel failure while at pressure could cause serious risk to the users. The vessel should be 
inspected for cracks, scratches, corrosion, pitting marks, warping or any signs of damage at 
least once per year or each time the vessel is removed from the apparatus.  
A large percentage of experiments will be carried out with a wet or dry fault gouge material. 
This material can be fine grained and is likely to spread around the vessel, especially should 
the sample seals fail. The piston Variseal type 3041 (Figure 2.1.8) is in a position to collect 
fragments of material that contaminate the confining fluid. This seal should be maintained 
regularly to prevent damage to the seal or sealing surface from particles being trapped 
between the seal and piston.  
The use of water as a confining and pore fluid and its proximity to corrosive materials and 
electrical components means the apparatus users need to be vigilant in cleaning any areas 
that become wet. A light layer of oil should be applied to appropriate surfaces in the event 
of water spilling onto unwanted areas. This drying and oiling of surfaces will prolong the use 
of the material and prevent corrosion.  
Services should be carried out on the chiller, power pack, motor controller and all bought in 
components. These service schedules should be agreed upon between the laboratory lead 
and the companies that supplied the parts.  
All maintenance certification and service schedules should be documented, dated and signed 






A new confined high velocity rotary shear apparatus was design and constructed by the Rock 
Deformation Laboratory in the University of Liverpool. The machine can produce rotary shear 
experiments at high pressure (~200 MPa) on fault gouge material. The confining and pore 
fluid pressures can be independently controlled. The machine can rotate and load the 
experimental samples to a range of values.  This thesis is a document for all future users of 
the equipment and will give further understanding to the design considerations that 
contributed to the manufacture of this piece of equipment.  
This chapter concludes the thesis, it shows a summary of the work completed and discusses 
some future developments planned for the apparatus. 
 Summary of work completed  
 
At the time of writing the apparatus construction is complete. All components have been 
designed, manufactured, assembled and tested to be working. It is worth noting that while 
experiments have been done on the apparatus the total number of tests performed to date 
is low (approximately ten). The reason for this is that after some of the initial experiments it 
was decided that alterations should be made to the apparatus to improve the experimental 
output. For example, the modification of the torque coupling (Section 2.6), where it was 
decided to reduce the wall thickness of the component in the middle, came about after 
discussions on how to get higher resolution measurements of the torque. The reduction in 
thickness would facilitate a higher elastic distortion of the part, and increase the strain 
measured by the internal strain gauges, leading to a higher sensitivity of the coupling. To 
implement this idea the part needed to be removed from the machine and sent off for 
machining and strain gauge adhesion. With this part removed, there was down time of the 
machine for several weeks. However, after making such modifications, the apparatus is now 
at a point where experiments can be run routinely. 
Ongoing improvements will always be necessary and future developments will be discussed 
in Section 4.2.  In order to keep improving the apparatus while running experiments backup 
components will need to be manufactured to reduce down time.  
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The apparatus has yet to undergo high velocity testing with the large Vascat motor (Section 
2.5). The motor has preliminarily been tested detached from the apparatus. It will initially be 
tested unconfined, this will allow the user to observe potential rotational problems like 
resonant frequencies, eccentricities at high acceleration and the breakdown of sample seals. 
The acceleration of the motor under load is one area of interest which should be understood 
before testing the large motor in confined experiments.  
The vessel (Section 2.2) also needs to be pressurised to 300 MPa, this is 1.5 times the 
maximum working pressure of 200 MPa. It should hold pressure constant for at least one 
hour. This process will test the pressure generators, seals and vessel components under a 
higher pressure than will be used during an experiment. The vessel should be inspected for 
cracks or damage before and after pressure testing.  
Under experimental conditions the apparatus has so far reached loads of 50 kN, confining 
pressure of 25 MPa, pore pressure of 10 MPa, displacements of 1 m, and slip speeds of up to 
1 mmˑs-1. These values are well within the overall aims of the apparatus and form the building 
blocks for experiments to be performed at much higher pressures and slip speeds in the 
future. 
 
 Future Developments 
 
The overall aim of future developments is to improve the experimental output of the 
apparatus to suit the demands of the researcher and better understand earthquake fault 
mechanisms.  
Unfortunately, many developments will only occur when a fault with the apparatus is 
discovered, like the incident of surface damage that occurred when the top sample holder 
and top nut came into contact during rotation (discussed in section 3.4), where it was decided 
that the components needed to be chrome plated in order to use them again. Should this 
type of contact happen again, a redesign of the rotating parts might be needed. One 
modification which has been considered for the top sample holder/top nut is a softer 
material or surface coating layer on one of the parts so that, should there be contact and 
damage between surfaces again, only one surface or part will need repairing or replacing. 
One potential problem with using a softer surface is that the o-rings may permanently 
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deform the sealing area under the highest operating pressures, which would need to be 
considered before making any modifications.  
Conventional friction tests are performed in triaxial deformation apparatus in the Rock 
Deformation Laboratory, where a direct shear geometry is used (e.g Bedford & Faulkner, 
2021; Leclère et al., 2016; Sánchez-Roa et al., 2016). The sliding area on the direct shear 
forcing blocks contains grooves (200 µm deep with a 400 µm spacing) so that frictional sliding 
occurs within the gouge sample itself and not between the edge of the sample and the 
experimental forcing blocks. A similar serrated surface could be machined into the top and 
bottom sample holders of the rotary shear apparatus to match the existing direct shear slider 
surfaces, this would provide continuity between experimental setups.  
One of the main aims of the rotary shear apparatus is to investigate thermal pressurisation 
of pore fluid as a fault weakening mechanism during slip at earthquake slip speeds (approx. 
1 mˑs-1). To fully characterize the role of thermal pressurization at seismic slip rates it would 
be useful to have an accurate measure of temperature near the vicinity of the sample during 
an experiment. Currently there is no method of measuring heat near the sample. The 
addition of a space to house a thermocouple as close to the sample surface as possible would 
give a greater understanding of the relationship of heat, pore fluid and fault weakening. As 
it cannot rotate, the thermocouple would have to be embedded somewhere in the bottom 
sample holder (i.e. the stationary side of the sample).  
4.2.1 A large core triaxial sample assembly 
Although the main goal of the new apparatus is to perform rotary shear experiments, the 
linear actuator (Section 2.4) and the vessel (Section 2.2) were specified and designed so that 
in future a standard triaxial sample assembly could be constructed and installed within this 
apparatus. Current limitations of the existing triaxial machines in the University of Liverpool 
Rock Deformation Laboratory mean that experiments can only be performed at slow speeds 
(<20 µmˑs-1) and the sample size is restricted to 20 mm diameter core samples. In the new 
apparatus a sample assembly could be designed to hold 25.4-30 mm diameter core samples 
and deliver higher axial loads at a faster rate. The fast-acting hydraulic pumps on the pore-
fluid pressure system would also enable the measurement of high permeability materials 
(>10-16 m2), which is currently unattainable in the existing triaxial rigs which use much slower 
electromechanical control pumps to control the pore-fluid pressure. The new apparatus 
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could therefore significantly expand the range of possible experiments run in the Rock 
Deformation Laboratory.  
4.2.2 Hydraulic intensifiers on existing equipment 
The School of Environmental Sciences within the University of Liverpool is currently 
undergoing a co-location exercise, where the different laboratories in the school, which are 
currently located in different buildings across campus, will be relocated to a planned new 
building. Due to the height and power requirements of the rotary shear apparatus, it is 
currently housed within the main engineering building in the University of Liverpool as this 
has the required ceiling space as well as an overhead crane which is used to lift many of the 
heavy components during assembly of the rig. In the planned co-location the rig would be 
moved to the new building and housed with the other existing triaxial rigs in the Rock 
Deformation Laboratory. After this, the hydraulic intensifiers could also be used on the 
existing triaxial presses, increasing the flow rate and volume currently used in the pressure 
control systems within the laboratory. This would increase the experimental capability of the 
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The following section contains addition information relevant to the apparatus. It 
contains the assembly drawings, individual drawing sheets and additional 
photographs of components.   
Appendix A – Assembly Drawings 
Appendix B – Drawing Sheets 
Appendix C – Additional Photographs 
Appendix D – Commissioning Data Sets 
All components found within the appendix have been drawn by Gareth Coughlan. 
Many components initially started as an idea or a sketch between Daniel Faulkner 
and Gareth Coughlan, however the technical drawings and final designs were 
completed by the author. Other collaborations have been noted below.  
Components Drawn by Collaboration 
Sample Assembly G. Coughlan D. Faulkner 
Vessel G. Coughlan D. Faulkner 
Frame G. Coughlan D. Faulkner 
Slow Motor Setup G. Coughlan Stephen Kewin 
Torque Internal G. Coughlan D. Faulkner 
Torque External G. Coughlan Graham Saw 
Sample Setup and Jig G. Coughlan 
John Bedford and D. 
Faulkner 
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Assembly HV-9 
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Appendix B – Drawing Sheet 
HV-SA-1   HV-MM-05   
HV-SA-2    HV-MM-06  
HV-SA-3    HV-MM-07   
HV-SA-4    HV-T-01  
HV-SA-5    HV-T-02    
HV-V-01   HV-T-03   
HV-V-02   HV-Mounting-Block-Bottom 
HV-V-03   HV-Mounting-Block-Top  
HV-V-04   HV-Cylinder-Pin 
HV-V-05   HV-T-Piston-Clamp 
HV-F-01   HV-Custom-Cap 
HV-F-02   HV-Torque-Coupling-StrainGauge 
HV-F-03   HV-Heights-1 
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Assembly HV-Safety-Plate 
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Actuator Load Cell 
Top down view inside the vessel 
Vessel lifting bar 
Splined parts 
Sample assembly and top nut without the vessel 
Behind the apparatus 
Slow motor setup with lifting shackles 
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Actuator Load Cell 
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Top down view inside the vessel 
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Vessel lifting bar 
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Sample assembly and top nut without the vessel 
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Photograph from behind the apparatus 
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Slow motor setup with lifting shackles 
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Hydraulic power pack and chiller 
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Appendix D – Commissioning Data Sets 
 
The following graphs illustrate a few experiments and tests that were carried out in the initial stages of commissioning. Many tests and 
trials were carried out with incomplete data sets that yielded little to no useful results. Data files from the initial tests can be obtained by 
contacting the University of Liverpool Rock Deformation Group.   
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Slip Displacement (mm) Shear Stress (MPa)
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Confining Pressure (MPa) Pore Pressure Up (MPa) Pore Pressure Down (MPa) Slip Displacement
